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ABSTRACT 
 
JOSHUA A. BOYER: Dialing-Up Distal Sites in Proteins: The Search for the Mechanical 
Consequences of Thermodynamic Coupling in eglin C 
(Under the direction of Andrew Lee) 
 
Proteins have evolved to exploit long-range dynamic and structural effects as a means of 
regulating function. Understanding this communication between distal sites in proteins is 
therefore vital to our comprehension of such phenomena as allostery. Structural effects have 
been suggested but are insufficient for conclusively describing distal-site “communication.” 
We believe that understanding protein dynamics may be imperative to comprehending these 
remote effects.  The intent of this dissertation and work herein, is to elucidate the bases 
underlying thermodynamic coupling/non-additivity, one such long-range effect. The absence 
of ligands or products in protein folding studies provides a simple background for examining 
this most basic communication, non-additivity. However, traditional coupling-measuring 
methods may be too insensitive to report on the idiosyncratic behavior linking distal sites. To 
increase sensitivity, we have developed hydrogen exchange (HX) techniques that employ 
NMR’s atomic resolution to standard methodologies of double mutant cycles. Due to the 
large number of probes and their ability to report on equilibria that do not require global 
unfolding transitions, this method is more likely to perceive underlying dynamic bases than 
its traditional counterparts. Similarly, to increase the scope and sensitivity of dynamic 
probes, we applied aromatic 13C relaxation experiments. Together, these methods have 
  iv 
identified the co-localization of dynamic and thermodynamic responses in eglin c, further 
insinuating a relationship between motion and non-additivity. 
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For my mother, Christine L. Boyer (June 10 1955–February 25 2009) 
Forever a Kindergarten Teacher 
“I think I can, I think I can…” 
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INTRODUCTION
As a consequence of thermal energy, proteins move. These motions span all biologically 
relevant timescales and are essential for proteins to function (Karplus & Petsko, 1990). The 
dynamic constituents can range from bond vibrations occurring on the order of femtoseconds 
to protein aggregation occurring over days(Boehr et al., 2006a; Boehr et al., 2006b). In the 
context of the protein’s native-state ensemble, bond re-orientations, rotamer-jumps, and local 
structural fluctuations (or “breathing”) are accessible from thermal fluctuations. Against the 
backdrop of the relative stability of the structural framework provided by the protein’s 
backbone, side chains organize into a fluid and interdependent network of cooperative 
interactions facilitating folding and function (Lindorff-Larsen et al., 2005; Luque et al., 
2002). This network may also support and be defined by correlated motions (Law et al., 
2009; Ota & Agard, 2005) dynamically linking proximal and distal sites in proteins (Daily & 
Gray, 2009; Showalter & Hall, 2002). Understanding how networks of residues fluctuate in 
protein structure should lead to mechanistic insight into many processes that are not evident 
from static structures.
Substantial work elucidating the intricacies of packing interactions via mutation has 
shown proximal effects to be, for the most part, conceptually intuitive(Chen & Stites, 2001a; 
b; Holder et al., 2001).  However, the mechanism by which information is transferred across 
distances remains to be concretely defined experimentally. Allostery and observation of long-
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range effects in proteins have been most frequently associated with respect to ligand binding 
and mutation. Distal site mutations in DHFR have affected catalysis(Adams et al., 1989), 
ligand binding, and drug-resistance(Dunn et al., 1990; Howell et al., 1990). Perturbation of 
function by distal mutation was once believed to be mediated exclusively by structural 
changes (Ackers & Smith, 1985), yet, in some instances crystal structures have not shown 
significant variation in the presence of mutations, regardless of the substitution or functional 
effect(Mace & Agard, 1995; Midelfort et al., 2004). The conformational change in 
hemoglobin is often cited as a model of allostery and long-range communication(Perutz, 
1970). However, Gong et al. have argued that even in this allosteric archetype, dynamic 
ensembles envelop the multiple functional conformations(Gong et al., 2006), citing the 
dynamic shifts between bound and free conformations in the absence of ligand(Kern & 
Zuiderweg, 2003; Volkman et al., 2001). In addition, communication is also apparent when 
conformational change is not evident(Mcelroy et al., 2002) leaving dynamics as the primary 
means of energy/information transfer(Cooper & Dryden, 1984). In catabolite activator 
protein (CAP), a classically defined allosteric protein, the communication between subunits, 
and therefore ligand binding sites, was shown to be dynamically driven(Popovych et al., 
2006), supporting a purely entropic means of communication hypothesized 
previously(Cooper & Dryden, 1984). As dynamics and allostery are linked(Cooper & 
Dryden, 1984; Luque et al., 2002), dynamics and the more general phenomenon of long-
range communication must also be linked(Eisenmesser et al., 2002; Eisenmesser et al., 
2005). 
Similar studies have shown distal propagation effects in the dynamic responses to 
ligand/drug binding in monomeric non-allosteric proteins(Lee & Wand, 2001; Mauldin et al., 
  3 
2009). The dynamic response to ligand binding in the PDZ scaffolding domains is of specific 
interest(Fuentes et al., 2004; Smock & Gierasch, 2009). This response resembles energetic 
pathways observed by several theoretical approaches, namely: evolutionary statistical 
coupling(Lockless & Ranganathan, 1999; Suel et al., 2003), anisotropic thermal 
diffusion(Ota & Agard, 2005), and pump-probe dynamics(Sharp & Skinner, 2006). Recently, 
Petit et al. have shown the ability to entropically modulate PDZ’s ligand binding affinity by a 
truncation mutation that –distally and drastically– alters side chain dynamics(Petit et al., 
2009). Along with the correlation between experimental and theoretical pathways, the ability 
to manipulate these connectivities via mutation further corroborates the existence of a link 
between dynamic effects and energetic coupling.  
It has been argued that allosteric behavior is a fundamental property of all 
proteins(Gunasekaran et al., 2004; Tsai et al., 2008). If dynamics are truly a mechanical 
means to transfer energy or ‘information’ in allosteric systems, then these means must exist 
in more general monomeric entities containing long-range communication. Notably, not only 
can ligand binding events generate dynamic responses and be modulated by 
mutation(Fuentes et al., 2006), the same dynamic pathways excited by ligand binding can 
also be perturbed via mutation. These features have led to development of the dynamic-
perturbation response assay in our lab whereby mutation-induced changes—or other 
modification—of dynamic parameters of methyl-bearing residues are recorded.  In the 
absence of structural rearrangements, these changes can be used to map the dynamic 
response network(Clarkson et al., 2006; Clarkson & Lee, 2004). This assay and its 
applications have made it quite clear that dynamic propagation is not (Mauldin et al., 2009; 
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Namanja et al., 2007; Peng et al., 2007; Whitley et al., 2008)unique to allosteric or ligand-
binding proteins.  
Historically, a means of quantifying the communication between two sites or two 
residues’ “awareness” of each other has been to measure thermodynamic coupling via double 
mutant cycles(Horovitz & Fersht, 1990).  In this approach, independence between sites 
results in additivity of a measured parameter, whereas interdependence results in non-
additivity(Ackers & Smith, 1985; Horovitz & Fersht, 1990). These cycles provide a 
parameter, ΔGc, which quantifies a free energy of interaction between the two sites. Green & 
Shortle(1993), LiCata & Ackers(1995), and others have performed extensive studies to 
determine what denotes a significant coupling, the prevalence of non-additivity (proximal 
and distal), and what mechanisms might explain these couplings. Multiple mechanisms have 
been proposed to explain non-additivity including structural effects introduced in the 
denatured state(Green & Shortle, 1993), propagation of small structural effects, and dynamic 
ensemble redistribution(Licata & Ackers, 1995). The nature of this interaction metric led to 
the proposal that energy-transfer apparent in the dynamic-perturbation response assay may 
yield an energetic coupling.  However that study was inconclusive with regard to this specific 
question(Clarkson, 2005). It will be of general importance in understanding protein stability 
and function to determine the relationship between internal dynamics and free energy 
couplings. This has motivated much of the work here.   
The work presented here, as well as preceding work(Clarkson, 2005), focuses on the 
model system, eglin c. A small serine protease inhibitor from the leech (Hirudo 
medicinalis)(Seemuller et al., 1977), eglin c has desirable properties for biophysical study 
and has been well-characterized thermodynamically(Bae & Sturtevant, 1995; Gribenko et al., 
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2006; Waldner et al., 1998). Eglin c is a single-domain globular protein and classically non-
allosteric in that it is monomeric and shows no cooperative binding. Eglin c has no known 
ligand, rather, eglin c itself serves as a ligand/inhibitor(Clarkson et al., 2006; Clarkson & 
Lee, 2004). This protein is highly structurally homologous to another well-studied member 
from the potato inhibitor 1 family, chymotrypsin inhibitor 2 (CI2). Due to its stability and 
solubility, eglin is ideal for our primary method of investigation, nuclear magnetic resonance 
(NMR).  It is amenable to mutation and its small size makes characterization of mutants’ 
spectra accessible in a timely fashion. Clarkson et al.(2004, 2006) have shown a variety of 
dynamic perturbations through multiple site mutations to eglin c, resulting in one of the 
largest experimental datasets of side-chain dynamic responses to distal mutation.  Yet, when 
long-range double mutant cycles were constructed of dynamically linked residues, only one 
cycle in five showed energetic coupling. 
Of the hypotheses Clarkson (2005) offered as to why the existence of a link between 
energetic coupling and dynamic coupling remained unclear, two seem reconcilable: the 
sensitivity of the coupling measurements and eglin c’s aromatic content. First, it is apparent 
that the method of determining site-site coupling as it pertains to equilibrium unfolding 
transitions via fluorescence-monitored chaotrope titrations may be too insensitive to identify 
an existing link between the phenomena of energetic and dynamic coupling. It seems 
implausible that dynamic coupling and energetic coupling are disjoint as change in motion 
begets change in energy. There are limited possibilities in regard to the physical mechanisms 
that may underlie energetic couplings: structural disruption, dynamic perturbation, aberrant 
interactions through mutation, or permutations of these. Therefore, in search of a more 
sensitive method for identifying energetic couplings, we have developed hydrogen exchange 
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(HX) techniques that apply the atomic resolution of NMR to the standard methodologies of 
double mutant cycles.  In chapter one, we show application of this method to one additive 
and two non-additive traditional double mutant cycles and report the advantages and caveats 
of this analysis. We see increased sensitivity largely due to the sizeable number of probes and 
their ability to report on equilibria that do not require global unfolding transitions. The site-
specific measurements maintain strong agreement with global measurements but emphasize 
the advantage of resolution. Therefore, this method may serve as an additional tool for 
identifying and characterizing long-range interactions.  
Second, eglin c’s unusually high aromatic content when compared to its homologue, CI2 
and other members of the potato inhibitor family, generates a small but significant portion of 
the protein’s core that was previously silent due to the necessity of methyl-bearing side 
chains in the dynamic analysis. In chapter two, I propose a 13C NMR based set of 
experiments to examine ps-ns motions of aromatic side chain groups. Aromatic residues 
serve important roles in protein cores and at protein-protein interfaces (as seen later in 
CheY). Yet, due to technical reasons to be explained in chapter two, there is a limited —but 
growing— presence of experimental aromatic side-chain dynamics data in the literature.  In 
the V54A mutant of eglin c, the enhanced coverage afforded by aromatic groups provides 
greater agreement with published calorimetric results(Gribenko et al., 2006) and in light of 
the aromatic data, the dynamic response is shown to be more heterogeneous then previously 
observed. Interestingly, there appears to be a co-localization of the mutant V54A’s collective 
ps-ns dynamic response and the energetic response as reported on by hydrogen exchange.   
This co-localization is suggestive of an entropic mechanism linking the dynamic and 
energetic response and is reminiscent of the relationship drawn between conformational 
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entropy and dynamic response upon ligand binding in calmodulin(Frederick et al., 2007).  
These studies mark an initial effort to connect motions on different timescales with 
thermodynamic properties in a protein. The presented experiments have made measuring 
dynamic behavior of aromatic residues more readily accessible and may lead to a greater 
understanding of the role these residues play in protein cores and protein-protein or protein-
ligand interfaces(Boyer & Lee, 2008). 
Previously, it has been argued that, despite eglin c’s non-allosteric functional nature, it 
displays allosteric behavior. The perturbation introduced by the V34A mutation results in a 
conformational change manifested as a rotamer-population shift in residue V18, 11 Å from 
the site of mutation(Clarkson et al., 2006).  This apparent communication is insufficient to be 
labeled truly allosteric due to the nature in which the conformational ensemble is 
manipulated. Formally, to be considered truly allosteric, the ensemble shift resulting in distal 
information transfer would need to occur via ligand binding or chemical modification i.e. 
phosphorylation(Hermans & Lentz, 2009). Thus to relate these findings on eglin c to 
allosteric function we have begun studies on the chemotaxis protein Y (CheY). In CheY, 
phosphorylation of a highly conserved Asp residue results in a conformation change, greater 
than 10 Å from the modification through a well studied ‘Y-T’ coupling activation 
mechanism(Cho et al., 2000), increasing CheY’s affinity for its target, FliM by 20-
fold(Welch et al., 1993). To begin characterization of features that distinguish a non-
allosteric and an allosteric protein, chapter three introduces work begun on CheY, and the 
application of the dynamic-perturbation response assay —with the new addition of aromatic 
reporters— in measuring alteration between active and inactive forms of the protein. Studies 
including the initial dynamic characterization of the inactive state on the ps-ns timescales, the 
  8 
rotameric populations of key residues, and the change in ps-ns methyl dynamics upon 
activation are reported. We have selected the allosteric protein CheY due to the functional 
role Tyr 106 performs in the Y-T mechanism and the insight dynamic fluctuations may add 
to this conformation change; with the hope that the interplay between dynamics and this 
long-range communication (stretching nearly 11Å) will be further elucidated. In summary, 
the work presented here has sought understanding in the mechanical basis of long-range 
interaction and thermodynamic coupling in eglin c and has resulted in two new experimental 
strategies for their study. 
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CHAPTER I
Abstract
 Proteins have evolved to exploit long-range structural and dynamic effects as a means of 
regulating function. Understanding this communication between distal sites in proteins is 
therefore vital to our comprehension of such phenomena as allostery, catalysis, and ligand 
binding/ejection. By quantifying the additivity/thermodynamic coupling in globally-
monitored phenomena such as ligand binding, catalysis, or folding free-energy, mutant cycles 
have long been used to determine the existence of communication between various sites—
proximal or distal—in proteins. The absence of ligands or products in protein 
stability/folding studies provides a simple background for examining this most basic 
communication, non-additivity. Typically, non-additivity is measured through global 
transitions in concert with a single probe. Mechanistic insight is often limited by the probes 
Single Probe vs. Multi-probe Detection of Non-additivity. Representations of the native 
state and an unfolded state of the Two-State model (left) and an ensemble of states (right).
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placement, which only needs to be sensitive to the global transition.  Here, we have applied 
the atomic resolution of NMR in tandem with native-state hydrogen exchange (HX) 
experiments to probe the structure/energy landscape for information transduction between a 
large number of distal sites. We have applied this technique to one additive and two non-
additive double mutant cycles in a model system, eglin c.  We find a large heterogeneity of 
couplings, yet the averages of the site-specific thermodynamic couplings are in strong 
agreement with the globally-measured values. Perhaps unsurprisingly, non-additivity as 
determined by HX can occur in residues that experience local exchange in WT eglin c, 
suggesting that even in this non-allosteric, globular protein an ensemble of states about the 
native state could be sufficient for long-range signal transduction. We propose that higher-
order couplings can be derived from these locally exchanging residues and present this 
method as an additional tool for identifying a large number of couplings with greater 
coverage of the protein of interest. 
Introduction 
Double mutant cycles have long been the standard in biophysical detection of interaction 
between residues(Ackers & Smith, 1985; Green & Shortle, 1993; Licata & Ackers, 1995). 
This strategy is based on the premise that if two residues are independent of each other, the 
effect of creating a double mutant at these positions should equate to the sum of the effects 
resulting from the individual mutations. However, if the residues “sense” one another, the 
interaction will manifest itself as a non-additivity(Horovitz, 1996; Horovitz & Fersht, 1990).  
This non-additivity, or thermodynamic coupling, quantifies the interaction between these two 
sites in biologically relevant processes such as binding, catalysis, and folding. Traditionally 
these phenomena have been measured by monitoring either the change in fluorescence of an 
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endogenous tryptophan, the change in the circular dichroism profile, or other means by 
which the change in an ensemble-averaged parameter is observed(Ben-Abu et al., 2009). 
Here, we employ NMR to examine the consequences of long-range thermodynamic coupling 
at per-residue resolution.   
Globally-monitored double mutant analyses have been used meticulously to examine the 
thermodynamic coupling interactions in the folding of Staphylococcal nuclease(Chen & 
Stites, 2001a; b) and in the application of a simple model in which the individual mutations 
produce “sphere(s) of perturbation”(Green & Shortle, 1993).  In principle, the overlapping of 
these ‘spheres’ results in non-additivity(Green & Shortle, 1993).  This intuitive model 
articulates what is gained in the extension from single mutant studies to higher-dimension 
mutant studies. In single mutant studies, one can quantify the importance of one residue to 
the globally observed parameter, whereas a double mutant cycle quantifies the 
thermodynamic interaction between two sites. Theoretically, the length of the protein (N) is 
the only restriction in dimensionality (N-1) of these analyses. Thus, the expansion to three 
sites yields information on how one site modulates the interaction between the remaining 
two, four sites yields information on the association between pairs, and so on(Horovitz & 
Fersht, 1990). 
Here, we seek to add a dimension to this analysis without further mutational perturbation 
by invoking the atomic resolution of NMR and the power of hydrogen exchange (HX). In the 
HX experiment, protonated protein is transferred into D2O to observe the exchange of 
hydrogen for deuterium. The labile amide proton may only exchange in the exchange-
competent state or the “open state.” Given EX2 exchange behavior, one can determine the 
equilibrium between the open and closed state(Bai et al., 1995; Bai et al., 1993; 1994).  With 
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equilibrium constants, we can obtain free-energies for each residue participating in hydrogen 
bonding, thus supplying reporters of local stability(Bai et al., 1995; Bai et al., 1993; Spudich 
et al., 2002) throughout and dramatically increasing the coverage of the protein. Therefore, 
HX provides a unique scenario by which we can monitor the effect of a single mutation, not 
only site-specifically defining the ‘sphere of perturbation’ but also providing a quantification 
of how the mutation has affected an individual amides’ equilibrium between opening and 
closing. Simply stated, this quantification is a thermodynamic coupling between the site of 
mutation and the site observed. In essence, we have constructed a thermodynamic cycle 
similar to the double mutant analysis but rather than a mutation altering the second site, the 
opening event serves as the perturbation.   
Applying the same double mutant scheme by which the thermodynamic couplings are 
typically determined, one can extract site-specific coupling values. Again, the atomic 
resolution afforded by NMR increases the dimensionality of this analysis, providing 
information akin to a triple mutant cube. Each residue individually reports how it ‘senses’ the 
coupling between the two mutation sites, identifying residues that may modulate the coupling 
between the two in some way. We have applied this method to the variants of three known 
long-range double mutant cycles (one additive, two non-additive) chosen from a high-
throughput screen of couplings in eglin C (unpublished). Here, we show the feasibility of 
coupling double mutant cycles with HX. We find that the average of the traditionally 
constructed site-specifically observed (SSO) couplings is in strong agreement with the 
traditionally measured additivities, and these SSO couplings provide physical representations 
of the ‘spheres of perturbation’ and their interacting overlap in the presence of varying levels 
of thermodynamic coupling.   
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Experimental Procedures 
Expression and Purification. WT* eglin c (* indicating F10W mutation) and variants 
containing further mutations V18I, L27I, V34L, P58Y, V18A, V54A, and the following 
double mutants V18IL27I, V34LP58Y, V18AV54A were constructed and expressed in 
Escherichia coli BL21 DE3 cells. Samples used for hydrogen exchange were grown in M9 
media containing 15NH4Cl(99%). Purification was completed as previously 
described(Clarkson et al., 2006; Clarkson & Lee, 2004) and 2 mM protein stocks were 
prepared in our standard buffer [20 mM KPO4, 50 mM KCl, 0.02% NaN3, pH 7.0] 
NMR Spectroscopy. NMR data were collected on a 500 MHz Varian INOVA 
spectrometer equipped with triple-resonance probes at 25 oC (calibrated with methanol). 
Spectra were processed using NMRPipe(Delaglio et al., 1995) and analyzed with the aid of 
NMRView(Johnson & Blevins, 1994).  Backbone assignments were performed as in 
previous work(Clarkson & Lee, 2004).  
Hydrogen Exchange. Proteins at native conditions were passed through spin columns 
containing Sephadex G25 equilibrated with 90% D2O, 20 mM KPO4, 55 mM KCl, 0.02% 
NaN3, and pDcorrected 7.0. Samples were quickly placed in an NMR tube and transferred into 
the spectrometer. HX data were recorded at 25 oC for consistency with global stability 
measurements. 1H-15N HSQC pseudo-3D spectra were acquired with a single plane 
acquisition requiring between 6.5 minutes and 10 minutes(Boyer & Lee, 2008).  Time points 
were collected for 48 hrs for all proteins except the double mutants V34LP58Y and 
V18AV54A, which required 24 hrs and 8 hrs, respectively. Peak intensities were extracted 
from each plane and fit to a simple 3-parameter mono-exponential. Peak intensity error was 
calculated from rms base-plane noise for each plane.  To determine the exchange behavior of 
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the residues, exchange rates where determined at pH 7 as well as an additional, lower pH. At 
this lower pH, slow exchanging residues in V54A and WT, were fit to a two-parameter fit 
with the baselines determined by ascertaining the intensity ratios between a non-protected 
(quick exchanger reference) resonance and the slow exchangers in a simple 1H-15N HSQC in 
H2O. Multiplying the intensity of that same reference residue (after it completed exchange) 
by the determined intensity ratios provided target values for the slow exchangers in the HX 
experiment. Given EX2 behavior, the exchange rates (kex) and Molday factors were used to 
calculate the local free energy (ΔGHX)(Bai et al., 1993; 1994) and propagate errors. Changes 
in local free energies (ΔΔGHX) at site i upon mutation j are defined in equation 1,  
ΔΔGHX, i mut(j)= ΔGHX, i mut (j) - ΔGHX, i WT                                               (eq. 1) 
and site-specifically observed (SSO) thermodynamic couplings  at site k induced by 
mutations at i and j as (equation 2) 
Δ2GHX, k ij =  ΔGHX, k WT + ΔGHX, k mut (i +j)  −ΔGHX, k mut(i) −ΔGHX, k mut(j) .                              (eq. 2) 
Equation 2 allows for the calculation of traditionally constructed double mutant cycle 
couplings on a per residue basis. 
For the GdnHCl and pH dependence studies, protein samples were made in the desired 
buffer conditions: 20 mM KPO4, 55 mM KCl, 0.02% NaN3, with varying GdnHCl 
concentrations from 0.1M to 2.2M or pDcorrected ranges from 6.0 to 7.0 and lyophilized. 
Samples were re-suspended in 90% D2O and the HX experiment was performed as above. 
After completion of the experiment, pH was confirmed and corrected(Acevedo et al., 2002); 
additionally, actual GdnHCl concentration was determined by refractive index(Pace, 1986). 
The ΔGHX values of globally exchanging residues back extrapolated from these titrations are 
highly consistent with values directly measured under native conditions above (see 
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supplemental information–residue 35 in Figure 9)    
Determining Response Significance Cutoff. In order to examine the precision of our 
measurements, duplicate points of the V54A and WT measurements, as well as triplicate 
points of the double mutant V18AV54A were assessed under identical conditions. We find 
the largest discrepancy to be 0.13 kcal/mol across all reliable measurements. In the interests 
of being conservative, 0.2 was used as a maximum error (exceeding the 99% confidence 
interval–as the standard deviation across all measurements, σ = 0.06  hence 3σ = 0.18). In 
propagating this maximum error, we define any deviation between variant and reference 
greater than 0.3 kcal/mol  (~
! 
2 " (0.2
2
) ) to be significantly different from zero. Likewise, 
we consider any site-specific coupling value greater than 0.4 kcal/mol (
! 
4 " (0.2
2
) ) to be 
non-zero. 
Results 
Comparison of mutation-based couplings from HX and fluorescence.  In order to 
investigate whether HX site-specifically observed (SSO) couplings are in agreement with the 
classically determined couplings, three different double mutant cycles were studied.  The 
classical determination of coupling free energies was made from measurements of protein 
stabilities of each variant, monitoring tryptophan fluorescence as a function of GdnHCl.  One 
cycle, V18AV54A, was reported previously and although these sites are separated by ~8Å, 
this cycle exhibits a coupling of approximately -1 kcal/mol(Clarkson & Lee, 2004).  The two 
other cycles are V34LP58Y (~17Å, -0.3 kcal/mol), and V18IL27I (~15Å, ~0 kcal/mol).  
Thus, two of the three cycles show measurable non-additivity, even though none of the pairs 
investigated are within van der Waals contact.  In this widely adopted approach, the coupling 
is obtained (equation 3) from the difference between the measured ΔΔG of the double mutant 
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Figure 2. Double Mutant vs. Semi-Mutant Cycles. (A) The classic double mutant cycle 
construct is shown with variants of the V34L-P58Y cycle. (B) The semi-mutant cycle is 
shown where a single mutation (V34L) provides one structural perturbation and the second 
dimension mutation is replaced with the equilibrium between open and closed states 
measured via amide hydrogen exchange at a second position (N57). Asterisks represent 
open-closed equilibrium at residue. 
WT 
 
WT 
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 (change in stability relative to wild type, ΔGij - ΔGWT) and the sum of measured ΔΔG for 
both single mutants (ΔΔGi = ΔGj - ΔGWT ;  ΔΔGi = ΔGi - ΔGWT):  
! 
"
2
Gij = """Gij = ""Gij # ""Gi + ""Gj( ) .                   (eq. 3) 
As shown by Horovitz and Fersht(1990), this is algebraically equivalent to the difference of 
ΔΔG values from opposing “sides” (either left-to-right, or top-to-bottom) of the mutant cycle 
“square” (equation 4 and Figure 2A):   
! 
"
2
Gij = "Gij #"Gj( )
A
# "Gi #"GWT( )
C
= "Gij #"Gi( )
B
# "G j #"GWT( )
D
.          (eq. 4) 
Coupling free energies determined in this manner often rely on a single fluorophore that is 
known to be an accurate reporter for global stability.  Yet, hydrogen exchange is also a 
means to measure protein stability(Bai et al., 1994; Huyghues-Despointes et al., 1999a; 
Huyghues-Despointes et al., 1999b; Spudich et al., 2002). Therefore it too can be used in the 
context of double mutant cycles to calculate coupling free energies. It is important to note, 
however, that not all amide protons monitored using HX exchange through a global 
unfolding transition(Maity et al., 2003; Maity et al., 2005; Mayne & Englander, 2000).  
Regardless of the specific mode of exchange, these exchange rates capture an energetically 
governed process that, in principle, may be sensitive to mutations.  Thus, any quantifiable 
amide exchange rate (in EX2) can report on the additivity (or non-additivity) by combining 
two or more mutations. 
Based on this idea, amide hydrogen exchange rates were monitored by NMR and free 
energies were calculated for every residue (for which HX could be quantified) of all variants 
(found at the corner positions, Figure 2A) of the three double mutant cycles in eglin c. SSO 
coupling free energies were calculated in the standard manner and are shown graphically in 
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Figure 3. HX-Determined Energetic SSO Coupling Values. The ΔGHX of all variants of the 
cycle were used to find site-specifically observed (SSO) coupling values for each reporter via 
equation 2. The first bar in each plot denotes the globally-measure value, while the second 
bar defines the average HX-determined value from residues whose value exceeds 2σ, while 
the error bar displays the root mean square error from these residues. The red verticals 
highlight residues that exchange via the global exchange mechanism in WT and the pink bars 
highlight residues that exchange via a mixed mechanism. 
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Figure 3.  It is immediately apparent that the degree of pair-wise coupling is in general 
concordance with the couplings determined by fluorescence-monitored stabilities, with 
V18IL27I showing the smallest coupling and V18AV54A showing the largest.  It is 
interesting that the couplings as “seen” from specific sites show variability, even among sites 
that appear to exchange through global unfolding. Additionally, the presence of significant 
site-specific data in the additive cycle is unexpected given the global measurements. To 
quantitatively compare the couplings from HX and fluorescence, the HX couplings were 
simply averaged.  These averaged couplings are in excellent correlation with the 
fluorescence-derived couplings, shown in Figure 4.  The rationale for simple averaging, 
rather than strictly using globally exchanging residues, is that global methods manipulate the 
ensemble and report on the free energy differences in ensemble averages. To better represent 
the ensemble via hydrogen exchange, we average across all measurable residues.  In 
summary, it appears that amide hydrogen exchange data can be used to calculate couplings 
using the double mutant cycle method, and that overall those couplings are consistent with 
those determined using more traditional bulk measurements of protein stability.  
Long-range couplings are observed in the native state. Not only can one measure non-
additivity in double mutant cycles with hydrogen exchange, we can examine the mechanism 
by which the exchange occurs – providing an additional piece of information.  The exchange 
mechanism can be determined for each residue based on free-energy change in the presence 
of denaturant(Bai, 2006; Maity et al., 2003) or mutation(Neira et al., 1997). Locally 
exchanging residues exchange through breathing motions about the native-state, while 
globally exchanging residues (red vertical bars in Figure 3) require the complete transition to 
the unfolded state of the protein, and the mixed mechanism samples both (pink vertical bars 
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Figure 4. Globally-Determined vs. HX-Determined <SSO Couplings>. Values determined 
from fluorescence monitored GdnHCl titrations were compared to the average of site-specific 
coupling values that exceeded 2σ. The correlation shows high agreement between the 
methods. 
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in Figure 3).  The characterization of each residue in all variants can be found in the 
supplemental information (table 1).  With this additional information, one can observe that 
many of the residues individually reporting significant couplings are exchanging via the local 
exchange regime, suggesting that the long-range interaction between the two mutated 
residues can exist in the native-state.    
Determination of pair-wise couplings of semi-mutant cycles using HX by NMR.  
Figure 2B shows a thermodynamic cycle similar to that of Figure 2A.  In 2B, the transitions 
from left-to-right indicate a mutation at site j, just as in 2A.  However, the low-to-high 
transitions indicate an “opening” event at site i, which might give rise to HD exchange.  
Thus, this cycle is defined by one mutation (at site j) and one structural perturbation–rather 
than two mutations.  A coupling, Δ2G, can still be calculated for the semi-mutant cycle using 
eq. 4 in the context of Figure 2B.  Unlike a double-mutant cycle, free energies are not 
obtained for the corners, but rather, can be obtained directly for the vertical edge transitions 
(A and C), as these simply represent HX under EX2 conditions.  Thus, for a protein with 100 
measurable amide exchange rates, it should be possible to obtain 100-1=99 pair-wise 
couplings, with all couplings involving the mutated residue, through measurements of HX in 
wild type and only one mutant.  It should be stressed that these couplings are similar but not 
equivalent to couplings obtained via double mutant cycles, since one edge of the semi-mutant 
cycle is necessarily a structural perturbation that facilitates exchange and is quite different 
from a simple substitution of side-chain atoms. These semi-mutant cycles are in fact, simply 
ΔΔGHX values obtained upon mutation. The power of this interpretation is most clearly 
perceived in residues that exhibit the local exchange mechanism, allowing the analogy of a 
simple site-to-site association. However, residues that exchange globally or through a mixed 
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mechanism are still associated with the site of mutation, although they may be involved in a 
concerted motion involving several adjacent residues compounding the nature of the 
interaction.  Using this framework, a standard double mutant cycle (discussed above) will 
actually contain two different sets of semi-mutant cycles or conceivably higher order, three-
way couplings. 
HX-monitored semi-mutant cubes and 3rd order couplings.  Third-order couplings define 
an individual residue’s effect on the coupling between two additional residues, identifying 
non-additive sites as ‘aware’ or facilitating the coupling(Horovitz, 1996; Horovitz & Fersht, 
1990).  One can measure these 3rd order couplings by assembling cubes(Chen & Stites, 
2001b) as seen in Figure 5A, where a double mutant cycle is analyzed as described above 
(Figure 2A) as well as in the context of an additional mutation, k, providing a third 
dimension. As shown in equation 5, (akin to the double mutant cycles) only the vertical 
edges of the cube are required to determine its 3rd order non-additivity.  
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Therefore, we can also construct semi-mutant cubes using HX measurements, where the base 
of the cube is defined by a classical double mutant cycle (Figure 5B). Yet, the structural 
perturbation of the opening event observed at a third position expands the dimensionality of 
the construct to a cube as these semi-mutant cubes are in fact, simply SSO coupling values. 
Once more, these semi-mutant cubes are qualitatively similar but not quantitatively 
equivalent to the triple mutant cube displayed in Figure 5A because of the different structural 
perturbations (opening vs. mutation). Regardless, this construct identifies all non-additivities 
(especially at locally exchanging residues) as third-order couplings, indicating the observed 
position’s possible role in modulating coupling between the two mutated distal sites. 
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Figure 5. Triple Mutant vs. Semi-Mutant Cube.  (A) The classic triple mutant cube construct is 
shown. (B) The Semi-Mutant Cube where a double mutant cycle (V34L-P58Y) provides the 
base of the cube and the third dimension mutation is replaced with the equilibrium between 
open and closed states measured via amide hydrogen exchange at another position (Y29).  
Asterisks represent open-closed equilibrium at residue.  
WT 
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Discussion 
Since the advent of protein engineering, scientists have had the means by which to 
deconstruct the role an amino acid plays in the wild-type protein through site-directed 
mutagenesis. Similarly, thermodynamic cycle analysis has become a widely used strategy for 
the detection of energetic interactions between residue pairs(Chen & Stites, 2001a; Gao et al., 
2009).  Most frequently employed as double mutant cycles, this method quantifies the 
interaction energies between two amino acid positions, whether they are in direct contact or 
not(Gleitsman et al., 2009).  In the case of direct contact, non-additivity is expected since 
interaction energies are highly dependent on the specific types and extent of non-covalent 
bonding.  In the case of residue pairs not in direct contact, additivity is generally expected, 
especially at long distance separations.  Nevertheless, long-range non-additivity has been 
observed from double mutant cycle analysis in wide range of proteins(Gleitsman et al., 2009; 
Heidary et al., 2005; Licata & Ackers, 1995).  Because long-range interactions have the 
capacity to drive intramolecular signaling events, mapping out long-range interactions is of 
interest, particularly in regulatory proteins.  The problem with this goal is that each coupling 
requires a separate double mutant cycle and hence mapping networks of long-range 
couplings requires the construction of at least tens of mutants(Ben-Abu et al., 2009; 
Sadovsky & Yifrach, 2007), and in some cases over a hundred.  Any approach that can 
increase the efficiency of detecting couplings could therefore reposition many projects into 
the realm of tractability.  Here, we show that NMR-detected amide hydrogen exchange 
affords increased efficiency in measuring second, as well as higher-order, long-range 
coupling free energies in proteins. 
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Long-range couplings originate from the native state. HX has been shown to be a reliable 
means of determining a protein’s stability(Huyghues-Despointes et al., 1999b) and a 
sensitive reporter of the effects propagated by mutation with per-residue resolution(Boyer & 
Lee, 2008; Casares et al., 2007; Casares et al., 2003; Huyghues-Despointes et al., 1999a; 
Spudich et al., 2002). Here, we propose that hydrogen exchange (HX) can be used as a 
powerful tool in examining thermodynamic coupling in proteins. From a traditional view of 
double mutant cycle analysis, different amide protons exchanging with D2O are reporters 
analogous to a lone fluorophore or even the average circular dichroism/ellipticity signals that 
provide access to the equilibrium populations of two states. In order to investigate whether 
HX site-specific coupling values are in agreement with the classically determined 
thermodynamic couplings, we assume that the globally-determined measurements report an 
ensemble-average coupling present between the two mutated sites in the protein.  In this 
sense, the couplings for three distinct double mutant cycles in eglin c were calculated as site-
averaged Δ2GHX values. We see excellent correlation between the globally determined 
thermodynamic coupling values and the mean HX-observed coupling values (Figure 4). 
What is particularly interesting, however, is that not all sites report the same coupling value, 
but rather, a distribution is observed.  This dispersion can lead to insights that are not 
possible by other global/bulk measurements.  Specifically, here in eglin c (supplemental) as 
in many other proteins(Bai, 2006; Bai et al., 1994), a number of sites exchange through a 
local mechanism, as determined from denaturant-independent rates of exchange at low 
denaturant concentrations(Bai, 2006).  Even though some of these sites are distal to both 
mutations (13, 15, and 53 in the V34LP58Y cycle as well as 13, 26, 29, 32, 39, 51, 57, 70 in 
the V18AV54A cycle), they “sense” the coupling between the two mutated residues.  
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Because exchange is occurring through native (or near-native) conformations, this excludes 
the possibility that the coupling derives from the unfolded state, as seen in staphylococcal 
nuclease(Green & Shortle, 1993).  It therefore appears that these measurements support the 
idea that long-range communication detected by double mutant cycles can be a native state 
phenomenon, consistent with recent experimental reports of propagated dynamic effects 
within the native state(Boyer & Lee, 2008; Clarkson et al., 2006; Clarkson & Lee, 2004; 
Fuentes et al., 2004; Fuentes et al., 2006; Igumenova et al., 2005; Namanja et al., 2007; 
Whitley et al., 2008).  This view of protein energetics is consistent with the ensemble view of 
protein structure(Del Sol et al., 2009; Gunasekaran et al., 2004; Manson et al., 2009; Schrank 
et al., 2009; Whitley & Lee, 2009). 
Advantages and Caveats of HX-monitored site-site couplings. Typically, global couplings 
are determined by following an ensemble-averaged metric through an arbitrary transition in 
each of the four variants of the cycle. In application to folding studies, the equilibrium shift 
between the native and unfolded state is manipulated via chaotrope titration (or heat 
denaturation) and monitored by either an endogenous Trp quenching or the change in 
average CD signal.  These methods require back-extrapolation to native conditions and in 
most cases assume a simple two-state model. Despite the useful information that can be 
ascertained through these traditional studies, there are several caveats. These experiments 
rely on altering the protein twice to identify an interaction, yet there is no guarantee that a 
response will result or that this engineering does not impose said interaction.  Also, these 
methods are blind to fluctuations that do not result in complete unfolding of the protein and 
depending on the probe’s location, may not report on all regions of the protein equally. 
Therefore, these global methods may considerably alter the protein, are acutely coarse-
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grained, do not directly measure proteins at native conditions, and are limited in sensitivity 
for interaction between residues. 
Many of these difficulties are minimized utilizing the HX-monitored non-additivities, 
proposed here. Hydrogen exchange occurs in native conditions and does not require 
equilibrium manipulation to determine free-energy values, as a result error that may be 
generated or exacerbated upon back projection to native conditions is not a concern.  Also, 
the proposed HX-based method maintains an increased dimensionality without requiring 
additional mutational perturbation–such that one mutation ensures multiple pair-wise 
couplings and a complete standard double mutant cycle yields multiple 3rd order couplings.  
Finally, the multiple exchange regimes accessible to the labile amide nitrogen provide probes 
sensitive to varying scale motions, which greatly increases the sensitivity of the double 
mutant cycle methodology.  
That is not to say that the proposed method is without caveats. This method should be 
viewed as an additional tool in determining thermodynamic couplings, however this analysis 
should not be expected to provide the same quantitative values as traditional methods due to 
the different means of site perturbation and the idiosyncracies of mutational substitution; as 
this has been shown previously to be the case in single mutant studies(Spudich et al., 2002).  
Although this method increases the number of probes significantly (~30-fold in eglin C), it 
relies on the protection provided by hydrogen bonding or tertiary burial. Therefore, like the 
traditional methods, it may not yield complete coverage of the studied protein and limited 
mutational engineering is still required. In addition, the measurement of slow exchanging 
rates can be difficult, as can reliable determination of the rates of the fastest exchangers.  The 
consideration and regulation of pH and exchange regime is vital to dependable results. The 
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Figure 6. ‘Spheres of Perturbation’. Residues that show a significant response to the single mutation are 
represented in mesh and labeled. The mutation sites are highlighted with red surfaces. The first variant of a 
cycle is shown in blue and the second shown in dark red. Residues that are obscured by other elements of 
structure are shown with a dotted arrow.  
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analysis of each reporter can be obscured by spectral degeneracies, or the mechanism of 
exchange in any of the variants. Residues experiencing the global/mixed exchange regime 
may require a concerted motion of several adjacent sites, compounding the site-by-site 
analogy. We believe the expressed caveats of both methods result in a correlation with a non-
unity slope and a non-zero intercept in Figure 4.  Yet, the wealth of information attained, the 
strength of the correlation between traditional and HX-determined values, as well as the 
enhancement provided by resolution must be emphasized.  
 
Direct Measurement of Energetic Coupling: Defining the ‘Sphere of Perturbation’. The 
development of HX has provided a tool with which one can define additional sites in the 
protein where mutational effects have been dispersed. Thus, the changes in local stabilities 
identify the mutation’s effect and map the ‘sphere of perturbation’. The ‘spheres of 
perturbation’ for each mutation can be seen in Figure 6. The residues shown in mesh were 
identified as having a response to a single mutation (shown in red) that significantly differs 
from zero. As previously described, this non-zero semi-mutant response can be considered to 
reflect an individual site’s pair-wise coupling to the site of mutation, therefore collectively 
defining the sphere of perturbation for each mutation.  In general, these ‘spheres’ show a 
continuous response to the mutational perturbation, reflective of Green and Shortle’s 
(1993)concept. It is important to remember that in order to acquire the amount of coupling 
information attained here requires a single mutation at a point of reference (red, Figure 6), as 
well as mutation at all sites of inquiry (each residue in mesh), followed by all resulting 
double mutations.  The sheer magnitude of necessary variants complicated by previously 
mentioned caveats, severely reduce the probability of attaining this scale of information–even 
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in a protein as small as eglin–by conventional techniques.    
 
Overlapping ‘spheres’. Initially, the ‘spheres of perturbation’ concept conferred that non-
additivities or couplings resulted from two spheres overlapping.   Now that we have the 
means to define the spheres of perturbation with significant resolution, an interesting 
observation is that individual spheres from the coupled cycles (V34LP58Y and V18AV54A) 
appear to indicate a non-additivity with their cycle counterpart (Figure 6). Explicitly in the 
V34L sphere, residue N57 (direcly adjacent to V34L cycle counterpart P58) shows a non-
zero change in free-energy; likewise, the P58Y sphere highlights residue N33. However, this 
telling behavior is not apparent in the additive cycle, as I18’s and I27’s individual spheres do 
not contain main-chain hydrogen-bonding amides of residues proximal to L27 or V18, 
respectively. This suggests a predictive nature for the semi-mutant cycles that indicates the 
need for further investigation.         
Remarkably, and perhaps intuitively, the residues that show significant SSO couplings 
from Figure 3 (participants of semi-mutant cubes) are found at the interface of the two 
‘spheres of perturbation’.  In Figure 7, one can see the overlapping ‘spheres of perturbation’ 
(left, mesh), the residues reporting non-zero non-additivities as determined by HX (right, 
surfaces), and their spatial coincidence (center). The light-gray–to–black graduated surfaces 
(right column), indicate the coupling’s magnitude with respect to the significance cutoff 
defined in the methods section. Light-gray denotes a site-specific coupling greater than the 
significance cutoff, gray is greater than twice the cutoff, and black shows values greater than 
3 times the significance limit. Remembering that third order couplings provide information 
on the interaction between a pair of associated sites and a third 
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Figure 7. ‘Spheres’ Overlap and Non-Zero SSO Couplings.  The spatial relationship of the overlapping of the 
‘spheres’ and the residues that report site-specific non-zero couplings are shown in each of the cycles studied 
here: V18IL27I–0 kcal/mol coupling @ 15Å; V34LP58Y– -0.3 kcal/mol @ 17Å; and V18AV54A– -1 kcal/mol 
@ 8Å. The first column shows the overlap of ‘spheres’, the third column shows residues with non-zero 
couplings color with gradient showing multiples of the significance cutoff (determined in methods) with the 
second column showing the superimposition of the left and right columns. The light-gray signifies a coupling 
greater than the significance cutoff (0.4 kcal/mol), gray is greater than twice the cutoff, and black is greater than 
three-fold the cutoff value.  
R22 
F25 
N57 
Y56 
Y32 
E39 
R53 
Y35 
L37 
V54 
G15 
V14 V13 
N33 
V52 
V62 
 
Overlapping ‘Spheres’ 
Overlapping ‘Spheres’ 
& 
Residues Showing  
Non-Zero 
Couplings 
Residues Showing 
 Non-Zero 
Couplings 
R22 V63 
V14 
N33 
Y35 Y56 
L37 
V69 
F25 
Y24 
V14 
R22 
T26 
V52 
V62 
G15 
V63 
Y29 
V13 
K16 
A21 
N57 
E39 
R53 
Y35 
L37 
Y32 
F55 
G70 
R51 
    1X 2X 3X 
 37 
site, these 3rd order couplings define sites upon which the association is “dependent” or 
modulated. Given this relationship, one might expect residues with significant SSO couplings 
to define a link between the two sites in the protein. In the additive cycle, significant SSO 
coupling values fail to provide a connection between the sites of mutation. However, this link 
is showcased in the coupled cycles, as these residues (with significant SSO coupling) seem to 
connect the pair-wise sites of mutation through a continuous group of residues spanning the 
distance that separates the positions.  This observation is reminiscent of the “isolated” higher-
order coupling pathway demonstrated recently for the Kv channel(Sadovsky & Yifrach, 
2007).  
Conclusions 
In this study, we show the feasibility of measuring site-specific coupling values in double 
mutant cycles using native-state hydrogen exchange. We observe what appears to be a direct 
relationship between the number of residues showing significant free energies of interactions 
and the strength of the coupling. We also see site-specific couplings identified in the 
classically labeled additive cycle, highlighting the diminished resolution in globally 
determined methods. We find that the averages of site-specific coupling values are in 
excellent correlation with those values determined by classical methods, and this agreement 
supports the validity of the technique.  The site-specific (SSO) couplings show a varying 
distribution of values with some of the largest couplings appearing in residues that exchange 
via local breathing events in the WT and variant proteins. Thus, if the local exchange 
mechanism is maintained, these results suggests couplings can exist in the native or near-
native states, and that even in this non-allosteric, globular protein an ensemble of states about 
the native state could be necessary for long-range signal transduction.  
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Figure 8 EX1 vs. EX2 Behavior in the V18A/V54A Cycle Variants.  Panels (A) WT (B) V54A (C) 
V18A and (D) V18AV54A. By comparing the log(kex) of each reside at varying pH’s, a linear 
correlation is found with a slope approaching one in each of the variants in this cycle and a intercept 
indicative of the difference in pH. This relationship is indicative of the EX2 exchange scheme. If EX1 
behavior were present, the slope of this correlation would approach zero and the intercept would be 
zero, indicating the exchange rates independence from pH. 
Supplemental Information 
 
 
EX1 vs. EX2 Behavior.  In lieu of the dependence of all measurements that follow on the 
exchange regime of the amides, EX2 behavior has been demonstrated here for the V18A-
V54A cycle (Figure 8). In the EX2 regime, the direct comparison of each residue’s measured 
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log(kex) at varying pH’s will produce a slope of unity(Neira et al., 1997), with the intercept 
reflecting the difference in pH’s. If the exchange is independent from pH, and the slope or 
intercept approach null, EX1 behavior is present. The variants of the V18A-V54A cycle are 
sufficient to infer EX2 behavior for all eglin c mutants and conditions studied here–this cycle 
contains the most drastic destabilizations with small(Boyer & Lee, 2008; Clarkson & Lee, 
2004) but significant changes in both structure and dynamics of the single mutant variants. 
The globally measured destabilization incurred by the double mutant is equivalent to the 
destabilization of the WT protein induced by the presence of 2.2 M GdnHCl, and therefore 
should serve as a proxy for this, and less 
severe buffer conditions. 
Local vs. Global Exchange in the 
Reference, WT. Because of the multiple 
exchange mechanisms accessible to a labile 
amide-hydrogen bond, to aid in analysis we 
must first ascertain the means by which each 
amide exchanges.  In order to identify 
residues participating in a global or a mixed 
exchange mechanism, we examined the 
dependence of local free energies on 
denaturant concentrations(Bai, 2006; Maity et 
al., 2003; Maity et al., 2005; Mayne & 
Englander, 2000). It follows that residues 
exhibiting linear dependencies with slopes 
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 Figure 9 Determining the Amide Exchange 
Mechanisms in WT. Residues that exchange 
only with the unfolding of the protein, exchange 
via the global mechanism. These residues can be 
identified by a strict dependence between the 
local stability (ΔGHX) and chaotrope 
concentration (GdnHCl ) that approximates the 
m-value determined via traditional stability 
measurements(dashed line. Here residue Y35 
exchanges through the global mechanism. 
Meanwhile residue F25 experiences a mixed 
exchange mechanism, identified by a lesser 
dependence on co-solute. Lastly, residue V14 
exchanges through local-breathing events or the 
local mechanism that is independent of 
denaturant concentration.  
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approximating the globally determined m-value are in fact exchanging globally. Residues 
with significantly lower slope prior to the intersection with the global mechanism denote a 
mixed mechanism, and residues with no slope exchange via a local breathing/unfolding 
mechanism (refer to Figure 9). Via this analysis, we find that residues 16, 21, 35, 54, 56, and 
63 exchange globally and residues 25, 37, and 52 exchange through a mixed mechanisms in 
the WT. The remaining residues exhibit local exchange.  
Local vs. Global Exchange in Mutants. Another mode of analysis that provides 
analogous results to GdnHCl 
dependence is standardization of 
ΔΔGHX,imut-WT (Neira et al., 1997).  In 
dividing the local free-energy change 
(ΔΔGHX,imut-WT) by the globally-
measured, ΔΔGUmut-WT, residues can be 
classified by ζ-values (here ζ = 
ΔΔGHX,i/ΔΔGU). Using the cutoff of 
Neira et al., the mechanisms of the 
variants were determined. Residues with 
ζ > 0.8 were classified as globally 
exchanging and 0.6 < ζ < 0.8 as 
possessing a mixed mechanism(Neira et 
al., 1997). The classification of each 
residue of the variants can be seen in 
Table 1. As with CI2, a majority of the 
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Figure 10 Distribution of Residue Exchange 
Mechanism. Each mutant’s residues exchange 
mechanism was determined by standardizing ΔΔGHX 
by ΔΔGU(ζ = ΔΔGHX/ ΔΔGU). ζ-Values less than zero 
were redefined as zero, and ϕ-values greater than one 
as one. Residues were then categorized by binning 
each mechanism such that ζ <0.6 delineated local 
exchangers, 0.6 <= ζ <= 0.8 mixed, and ζ > 0.8 
demarcated global exchangers. As suggested (Neira 
1997) a majority residues exchange locally. Mutants 
with |ΔΔGU |< 0.5 kcal/mol were excluded (shown 
gray in table S1) from this analysis and WT 
mechanism assumed to be maintained.   
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residues exchange via local exchange and the bulk maintain WT’s mechanisms of exchange 
(Table 1). As one would expect, the reliability of this method breaks down as |ΔΔGU| 
approaches zero (gray in table 1), in these instances we assume the mechanism of WT is 
maintained. Also of note, as the stability of the variant decreases (moving left-to-right in 
Table 1) it appears that the number of residues exchanging through a global or mixed 
mechanism increases.  
Table 1: Residue Exchange Mechanism in Cycle Variants 
Resid 
eg C WT
a V18Ib L27Ib V18I
b 
L27I V34L
b P58Y V34L P58Y V18A V54A 
V18A 
V54A CI2
c Resid CI2c 
10 Local Local Local Local Local Local Local Local Local Local  5 
13 Local Local Local Local Local Local Local Local Local Local Local 8 
14 Local Local Local Local Local Local Local Local Local Mixed Local 9 
15 Local Local Local Local Local Local Local Local Local Local   
16 Global Local Local Local Local Global Global Global Global Global Global 11 
17 Local Local Local Local Local Local Local Local Local Local   
18 Local Global Local Global Local Local Local Local Local Local Local 13 
20 Local Local Local Local Local Local Local Local Local Local   
21 Global Global Local Global Global Global Global Global Global Global Local 16 
22 Local Global Local Global Local Local Local Global Local Mixed Local 17 
23 Local Global Local Global Local Local Local Global Local Local Local 18 
24 Local Local Local Local Local Local Local Mixed Local Local  19 
25 Mixed Local Local Local Local Local Local Mixed Local Mixed Global 20 
26 Local Local Local Local Local Local Local Local Local Local Global 21 
27 Local Local Local Local Local Local Local Local Local Local Local 22 
29 Local Local Local Local Local Local Local Mixed Local Local Local 24 
32 Local Local Local Local Local Local Local Local Local Local Local 27 
33 Local Local Local Local Local Local Local Local Local Local Local 28 
34 Local Local Local Local Local Local Local Local Local Local   
35 Global Local Local Local Local Local Global Global Global Global Global 30 
37 Mixed Local Local Local Local Global Global Mixed Local Mixed Local 32 
39 Local Local Local Local Local Global Local Local Local Local  34 
51 Local Local Local Local Local Local Local Local Local Local  46 
52 Mixed Local Local Local Local Local Mixed Mixed Mixed Global Global 47 
53 Local Local Local Local Local Local Local Local Local Mixed  48 
54 Global Local Local Local Global Mixed Global Global Global Global Global 49 
55 Local Local Local Local Local Local Local Mixed Local Mixed Global 50 
56 Global Local Global Local Local Global Global Global Global Global Global 51 
57 Local Local Local Local Local Local Local Local Local Local Local 52 
62 Local Local Local Local Local Local Local Mixed Local Mixed Local 56 
63 Global Local Local Local Global Global Global Global Global Global  57 
68 Local Local Local Local Local Local Local Local Local Local  62 
69 Local Local Local Local Local Local Local Local Local Local Local 63 
70 Local Local Local Local Local Local Local Local Local Local  64 
aMeasured via GdnHCl dependency. b| ΔΔGU |<  0.5 kcal/mol cNeira, Fersht JMB 1997. Stability of 
variant decreases from left-to-right. Variants highlighted in gray are not included in Figure  9.   Residues 
highlighted in yellow are believed to be false negatives generated by shortcomings of the method as 
ΔΔGU approaches zero. 
 
Response to Mutation via Hydrogen Exchange. The following description details the 
individual amides’ change in HX stability in relation to WT upon mutation (ΔΔGHX) in three 
separate double-mutant cycles of varying additivity and distance, as measured between Cβ to 
Cβ of the mutated residues. The additive cycle is composed of mutations V18I and L27I and 
 43 
Figure 11 HX-determined Changes in Local 
Stabilities upon Mutation. ΔΔGHX shown as mutant 
minus WT in the additive V18IL27I (A), the small 
coupled V34LP58Y (B), and the large coupled 
V18AV54A (C) cycles.  
lends an essentially zero, globally- 
determined, coupling of -0.12 ± 0.20 
kcal/mol. These positions are ~15 Å apart 
in the WT structure. The changes in free 
energies upon these mutations can be seen 
in Figure 11A. In the V18I mutation, 
positions 18, 20, 23, 33, 35, 37, 53, 56, 63, 
and 69 show significant change as they 
exceed the 0.3 kcal/mol cutoff (see 
methods) with positions 20 and 56 
showing large changes.  The L27I mutation 
shows changes at positions 14, 17, 22, 24, 
27, 29, 33, 37, 56, 57, 68, and 69 with 
large changes apparent at 14 and 56. When 
compared to WT, the double mutant 
displays changes at 13,17, 18, 21, 26, 27, 
29, 32, 33, 53, 57, and 69.  
The smaller coupling cycle consists 
of mutations V34L and P58Y. These 
positions are separated by ~17 Å and 
resulted in a non-zero coupling of -0.32 ± 
0.21 kcal/mol as determined by classical 
means and exceeds the cutoff suggested by 
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Chen and Stites(2001b).  The changes in free-energies in variants of the V34L-P58Y cycle 
are shown in Figure 11B. In the V34L mutation, residues 13, 14, 17, 21, 22, 23, 24, 25, 26, 
27, 32, 33, 35, 37, 52, 53, 57, 68, and 69 showed changes greater than the 0.3 kcal/mol 
cutoff.  This mutation marginally destabilizes the protein globally by -0.17 kcal/mol, yet 
nearly all of the significant changes indicate increases in local stability. However, sites 
shown to exchange through the global mechanism in WT display destabilization equivalent 
to the globally determined value.  In the P58Y variant, residues 14, 16, 21, 33, 37, 39, 54, 56, 
57, and 63 display changes in response to the mutation, with residues 16, 21, 39, 56, and 63 
revealing destabilization that exceeds that of the globally determined change of -0.55±0.12 
kcal/mol.  Moreover, the double mutant of this cycle appears to adopt traits from each of the 
single mutants, as there are increases in local stabilities and decreases that exceed the global 
destabilization.  Residues 16,17, 22, 23, 26, 32, 33, 34, 35, 37, 39, 52, 54, 55, 56, 57, 62, 63, 
68, and 69 all show sizeable changes.  
 The V18A/V54A cycle displays the largest thermodynamic coupling discussed here 
at -0.95 ± 0.19 kcal/mol. An ~8Å distance separates these residues.  Changes in local 
stabilities for the mutants of this cycle are shown in Figure 11C. V54A has been discussed 
previously(Clarkson & Lee, 2004).  Similar to P58Y, the globally exchanging residues’ 
response to the V18A mutation exceeds the classically-measured destabilization of  -1.21 ± 
0.08 kcal/mol. Nearly all amide reporters show significant change in free energies with this 
mutation, specifically residues 14, 15, 16, 17, 18, 21, 22, 23, 24, 25, 27, 29, 33, 35, 37, 52, 
53, 54, 55, 56, 57, 62, and 63.  This large- scale response is even more pronounced in the 
double mutant of this cycle. Residues 13, 14, 15, 16, 18, 21, 22, 23, 24, 25, 26, 29, 32, 34, 35, 
37, 39, 51, 52, 53, 54, 55, 56, 62, 63, and 70 all show significant changes upon the dual 
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mutation.  Consequently, the variants containing both the V18A mutation and a sizeable 
number of responding residues also have some indications of small structural perturbation 
discussed later.  
Site-Specifically Observed (SSO) Coupling Values. The site-specific ΔΔGHX’s 
determined above were assembled into a double mutant cycle at each reporting residue via 
equation 2 (main text). Just as one would determine a thermodynamic coupling using 
ΔΔGU’s, the sum of the single mutants’ ΔΔGHX,i‘s subtracted from the double mutant’s 
ΔΔGHX,i provides a coupling value reported at residue i . These SSO coupling values have 
been tabulated and can be seen graphically in Figure 3 (main text).  In the V18I-L27I cycle 
there are SSO coupling values that differ significantly from zero (>0.4 kcal/mol), despite the 
absence of a non-zero coupling measured by traditional fluroesence-monitored gdnHCl 
titration.  Residues 14, 22, 33, 35, 37, 56, 63, and 69 show such couplings. Interestingly, 
residues 14, 33, and 69, all exchange via the local mechanism in every variant of the cycle. In 
the small non-additive cycle (V34L/P58Y), residues 13, 14, 15, 22, 25, 32, 33, 35, 37, 39, 52, 
53, 54, 56, 57, and 62 show significant SSO coupling values. Again, local-exchanging 
residues (13, 14, 15, 22, 32, 33, 53, 57, and 62) report a non-zero coupling. Finally, in the 
large non-additive cycle (V18A/V54A) many residues display significant SSO coupling 
values. Residues 13, 14, 15, 16, 18, 21, 22, 24, 25, 26, 29, 32, 35, 37, 39, 51, 52, 53, 55, 57, 
62, 63, and 70 show non-zero additivity. In the variants of this cycle, several residues change 
mechanisms in part to the disruptive mutations including V18A. Despite the disturbance, 
residues 13, 15, 18, 26, 32, 39, 51, 57, and 70 maintain their local exchanging mechanism 
and once more report, not only non-zero SSO coupling values, but several exceed the values 
of residues that exchange through global and mixed mechanisms. 
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Structural Comparison Across Variants. Residual dipolar couplings (N-HN RDCs) were 
measured using nonionic lipid bicelles(Clarkson & Lee, 2004) or stretched 6% 
polyacrylamide gels(Whitley et al., 2008) to elucidate the mutations’ effects on eglin C 
backbone structure. RDC analysis results for V54A and V18A have been published 
previously.  Residual dipolar couplings were determined for V34L and V18AV54A with 
bicelles, while WT, P58Y, and V34LP58Y required the use of the gel system due to an 
apparent interaction between variants containing the P58Y mutation and the lipid bicelles. 
Linear relationships were calculated for each mutant compared to WT. Residuals from these 
fits were added to data collated previously(Clarkson et al., 2006) for statistical analyses 
(Figure 13). 
In conjunction with RDC’s, chemical shift perturbation was used to search for aberrant 
backbone structural features.  In equation S1, we employ a chemical shift vector(  
! 
r 
" ) 
representation to enable quick and direct comparison between variant and WT  
residues via a linear fit to   
! 
r 
" 
WT
 vs.   
! 
r 
" 
mut
 and identification of outliers by studentizing residuals.  
  
! 
r 
" = " 1
H
2
+ (0.1#"15
N
)
2                                                    (eq. S1) 
 To examine the structural effects of these mutations we compared the 1H and 15N chemical 
shifts (  
! 
r 
" ) of the mutants to WT (Figure 12) as well as performed a direct comparison of 
measured Residual Dipolar Couplings (RDC’s) between the variant and WT reference.  
These measurements are sensitive to both structural and dynamic change.  One can identify 
aberrant residues by studentizing the residuals from the linear fit applied to these one-to-one 
linear correlations. The standard deviation of residuals for all combined chemical  shift 
vectors (  
! 
r 
" ) measured here was 0.08 ppm. Similarly, we find the standard deviation of 
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residuals in the RDC comparisons to be 1.9Hz. Employing the central limit  theorem 
(enabled by our large sample sizes, each n>500, in which we assume a normal distribution)  
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 Figure 12 WT   
! 
r 
"  vs. mutant   
! 
r 
"  Chemical Shift Vector Comparison Residuals vs. residue index.  
In order to quickly identify residues with possible aberrant structure each mutant’s residues chemical 
shift vector (eq. 3) was directly compared to that of the reference WT via a linear fit. Residuals of that 
fit are shown per residue. The residuals of all mutants were collated for statistical analysis yielding a 
standard deviation of 0.08 ppm. Thus with a 95% confidence interval all residuals that exceed 0.16 ppm 
are deemed outliers. The 0.16 ppm cutoff is shown as a red horizontal line.  Asterisks denote outliers in 
one of the variants and red asterisks indicate sites of mutation. 
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and pre-selecting a 95% confidence interval, we recognize any residue with a residual > 2 
standard deviations from the mean as an outlier. In Figures 11 and 12, note the residues 
(demarked with asterisks) with residuals beyond the red lines denoting the 2σ limit. This 
RDC structural metric has been discussed previously for the V18A and V54A mutations and 
is shown here in Figure 13. The double mutant of this cycle exhibits response (both   
! 
r 
"  and 
RDC) at the same residues affected by the V18A mutation, yet it seems the presence of the 
second mutation exacerbates the effect in some reporters and quenches it in others.  The 
V18I-L27I cycle displays no evidence for structural change in   
! 
r 
"  except for the sites at or 
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Figure 13 RDC Comparison Residuals vs. Residue Index. Mutant residues’ RDC values were 
directly compared to the Reference WT values by linear fit. Resulting residuals are shown per residue. 
The residuals of all mutants were collated with previous data( MWC) yielding a standard deviation of 
1.89Hz. Thus with a 95% confidence interval all residuals that exceed 3.8 Hz are deemed outliers. The 
3.8 Hz cutoff is shown as a red horizontal line.  Asterisks denote outliers in one of the variants.  
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adjacent to mutation (specifically 18 and 28) and therefore RDC measurements were not 
pursued.  Lastly, the V34LP58Y cycle showed minor perturbation in   
! 
r 
"  about the P58Y 
mutation in both single and double variants. Whereas within the V34L variant, there appears 
to be evidence for slight repacking of the core, accommodating the larger sidechain.  
Unsurprisingly, residues 34 and 25 show changes in the RDC (Figure 13) comparison as 
these sites pack against each other in the WT structure. The site adjacent to the mutation, 
Y35, and residues 25, 29, 32, and W10’s indole (members of the adjacent, aromatic portion 
of the core) show small but notable changes in the   
! 
r 
"  comparison, further supporting slight 
alteration to accommodate the extra atoms of the leucine moiety. 
Summary 
Using RDC’s and chemical shift perturbation (see supplemental), we see little evidence 
for disruption in the additive cycle and have shown the possibility of small structural 
perturbation in the two non-additive cycles. However, there is no indication for gross 
structural perturbation of the native state in any of the variants of these cycles. The absence 
of large structure change suggests that these conservative mutations are not introducing 
couplings but rather are reporting on the native wild-type interactions.  
Utilizing NMR and hydrogen exchange, we have identified interactions between residues 
while limiting the alteration required by previous methods. HX is sensitive to fluctuations 
that range from local breathing motion to complete unfolding of the protein.  This method 
provides a larger number of probes than traditional “global” measurements, thus yields a 
more complete coverage of the protein and its motions, increasing the sensitivity of the 
double mutant analysis.  Lastly, this technique does not require artificial equilibrium 
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manipulation, number of mutations to provide the equivalent level of interaction information.  
It should be noted that in order to recognize these couplings traditionally, one would need 
to make mutations at each site and the composite double mutant to positively identify an 
interaction, increasing the required effort exponentially.  This method has added a dimension 
to this analysis by limiting the mutational perturbation previously required to identify a 
thermodynamic coupling. Also noteworthy is the observation that as one moves from no 
coupling to stronger coupling the number of residues reporting significant coupling values 
increases. Using RDC and chemical shift comparisons to the WT protein, individual mutants 
of the coupling cycles show only small structural perturbations, suggesting that these 
couplings are not introduced by or a result of gross native-state structural deformation.
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CHAPTER II
Monitoring Aromatic ps-ns Dynamics in Proteins via 13C Relaxation: Expanding Perturbation 
Mapping of the Rigidifying Core Mutation, V54A, in eglin c
Abstract
Long-range effects, such as allostery, have evolved in proteins as a means of regulating 
function via communication between distal sites. An NMR-based perturbation mapping 
approach was used to more completely probe the dynamic response of the core mutation 
V54A in the protein eglin c by monitoring changes in ps-ns aromatic side-chain dynamics 
and H/D exchange stabilities. Previous side-chain dynamics studies on this mutant were
limited to methyl-bearing residues, most of which were found to rigidify on the ps-ns 
timescale in the form of a contiguous ‘network’. Here, high precision 13C relaxation data 
from 13 aromatic side chains were acquired by applying canonical relaxation experiments to 
Aromatic ps-ns Dynamics.  The heterogeneous response of motions on the 
ps-ns timescale enabled by the inclusion of aromatic reporters is shown on the right. 
Cartoon representation of feasible fast timescale motions that the proposed experiments 
would report are drawn in the inset.  
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a newly-developed carbon labeling scheme [Teilum K. et al. (2006) J. Am. Chem. Soc. 128, 
2506-2507]. The fitting of model-free parameters yielded S2 variability, which is 
intermediate with respect to backbone and methyl-bearing side chain variability and τe values 
that are approximately one nanosecond.  Inclusion of the aromatic dynamic response results 
in an expanded network of dynamically coupled residues, with some aromatics showing 
increases in flexibility, which partially offsets the rigidification in methyl side chains.  Using 
amide hydrogen exchange, dynamic propagation on a slower timescale was probed in 
response to the V54A perturbation.  Surprisingly, regional stabilization (slowed exchange) 
10-12 angstroms from the site of mutation was observed despite a global destabilization of 
1.5 kcal·mol-1.  Furthermore, this unlikely pocket of stabilized residues co-localizes with 
increases in aromatic flexibility on the faster timescale. Because the converse is also true 
(destabilized residues co-localize with rigidification on the fast timescale), a plausible 
entropy-driven mechanism is discussed for relating co-localization of opposing dynamic 
trends on vastly different timescales.   
Introduction 
Motional flexibility, or dynamics, is essential for protein stability and function(Boehr et 
al., 2006; Formaneck et al., 2006; Karplus & Kuriyan, 2005; Kern & Zuiderweg, 2003; 
Wand, 2001).  Recently, native-state protein dynamics have been thought to be crucial for 
mediating allosteric signaling, or stated more generally, long-range communication(Clarkson 
et al., 2006; Fuentes et al., 2004; Liu, T. et al., 2007; Ota & Agard, 2005; Pan et al., 2000; 
Pezza et al., 2007; Popovych et al., 2006; Sharp & Skinner, 2006).  One of the major 
challenges is the experimental characterization of dynamic processes relevant to intra-
molecular signal transduction.  Towards this goal, NMR spectroscopy is uniquely suited to 
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non-invasively characterize both structure and dynamics in a site-specific manner.  Mapping 
flexibility by NMR is therefore an important 
application for understanding signaling in 
proteins.  It is desirable to characterize 
dynamic networks with high resolution, both 
in terms of spatial coverage through the use 
of a large number of probes and temporal 
coverage in terms of sensitivity to different 
timescales.  Here, a previously determined 
dynamic network in eglin c is expanded 
through use of 13C relaxation in aromatic 
side chains and amide hydrogen exchange.  
In previous work, the globular protein 
eglin c was used as a model for 
characterizing dynamic and structural 
responses to mutation(Clarkson et al., 2006; 
Clarkson & Lee, 2004).  Pathways of 
dynamic changes (in response to mutation) were evident even in this simple protein, with the 
majority of responses observed in ps-ns side-chain fluctuations, as monitored by relaxation 
effects.  Although the approach used was general in principle, only methyl-bearing side 
chains were probed using 2H spin relaxation. This methodology applied to the V54A mutant 
of eglin c yielded an apparent dynamic network of excited responders on the ps-ns timescale. 
The result was the bulk rigidification of select contiguous methyl-bearing residues radiating 
Figure 15 Reporters and responders of eglin c. 
The methyl-bearing residues that respond to the 
V54A mutation in eglin c are shown as a 
contiguous slate surface(Clarkson & Lee, 2004). 
The site of mutation is shown in red. Those 
methyl residues that were unobservable or exhibit 
no change are shown in gray. The “new” aromatic 
reporters are shown in green. The circled region is 
the “aromatic corner” which completes the 
hydrophobic core of the protein and was 
inaccessible in previous studies. The dashed 
arrows indicate residues in the back of the 
structure as oriented. Figures in this paper were 
rendered in PyMol (www.pymol.org) using a 
Rosetta Design (Liu, Y. & Kuhlman, 2006) 
modeled V54A* structure based on the X-ray 
structure of eglin c (1CSE)(Bode et al., 1986). 
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out from the site of mutation to the periphery of the protein’s structured regions. Although 
such a generalized rigidification might be reflected in the globally measured heat 
capacity(Clarkson & Lee, 2004), this was found not to be the case(Gribenko et al., 2006). 
One possibility to describe this scenario is the limited spatial distribution of methyl-bearing 
residues. Eglin c contains a substantial number of aromatic residues (39% of the thirty-six 
hydrophobic side-chain reporters), many of which are contained in an “aromatic corner” 
(Figure 15), a region that was underrepresented on the ps-ns timescale. In an effort to more 
thoroughly sample the effects of mutation on dynamics and energy transmission in proteins, 
we have sought more probes to report on these changes.  Recently, a convenient method for 
appropriate 13C labeling into aromatic groups for relaxation studies was introduced(Teilum et 
al., 2006).  Here, in an effort to more comprehensively characterize the dynamics in the eglin 
c dynamic network, we show that this labeling scheme is effective for characterizing ps-ns 
dynamics of nearly all aromatic side chains, yielding data that are well fit by model-free 
dynamics parameters.   
Aromatic residues are important probes because of their locations in hydrophobic cores 
and binding interfaces(Bogan & Thorn, 1998; Fellouse et al., 2004; Koide et al., 2007; Lo 
Conte et al., 1999).  Until recently, accessing ps-ns information in regard to these aromatic 
residues has been complicated by neighboring 13C ring nuclei. To circumvent these effects, 
natural abundance studies(Palmer et al., 1993), and unique isotopic-labeling 
schemes(Lemaster & Kushlan, 1996) have been applied to this problem in regard to 
relaxation. Here, we utilize a new labeling scheme developed by Teilum et al. (2006) to 
acquire data from aromatic probes on the ps-ns timescale. The labeling scheme eliminates the 
occurrence of adjacent 13C neighbors, allowing the 13C -1H dipole-dipole interaction to 
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dominate the relaxation mechanism(Igumenova et al., 2006). The 13C relaxation data are 
well-fit to Lipari-Szabo model-free spectral densities(Lipari & Szabo, 1982a; b) indicating 
dominant motions on the timescale of approximately one nanosecond. Although, the 
application of techniques utilized in this paper is well-suited for characterizing ps-ns 
dynamics of aromatic groups in proteins in general, it should be particularly useful in 
aromatic-rich binding interfaces.  
Relaxation experiments and native hydrogen exchange have proven to be useful for 
mapping perturbation responses and identifying participating elements of putative 
networks(Casares et al., 2007; Casares et al., 2003; Clarkson et al., 2006; De Lorimier et al., 
1996; Fuentes et al., 2004; Fuentes et al., 2006; Spudich et al., 2002), as they both can serve 
as local measures of conformational flexibility. To supplement the ps-ns timescale provided 
by spin relaxation studies, and more thoroughly examine the changes in flexibility upon 
mutation from a temporal aspect, we used hydrogen exchange (HX) to characterize a much 
slower timescale. The labile nature of the amide proton-nitrogen bond results in an exchange 
phenomena that can yield information on motions that occur on the millisecond-to-hour 
timescale(Englander & Kallenbach, 1983). When an amide participates in a hydrogen bond, 
the rate of exchange is dependent upon the rate of “opening” fluctuations. EX2 exchange 
behavior occurs when the rate of closing (or refolding) is much faster then the rate of 
intrinsic exchange, enabling the calculation of the equilibrium between an opening event and 
an exchange event. The determination of equilibrium constants between the native state and 
all other states can provide local free energies(Bai et al., 1993; 1994). Although these 
measurements are thermodynamic and not kinetic in nature, HX-determined local free 
energies are sensitive metrics of the dynamic fluctuations that enable exchange.  
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 Through monitoring aromatic ps-ns motions and hydrogen exchange to report on ms-hr 
motions, we have more thoroughly characterized the dynamic response of the V54A 
mutation both spatially and temporally. Combined with previously published results on the 
methyl-bearing side chains, information of the ps-ns time regime is more heterogeneous, both 
spatially and in the nature of response.  The collective ps-ns motions are now seen to become 
more flexible as well as more rigid. Upon measuring the changes in local free energies upon 
mutation characterized by hydrogen exchange, surprisingly, a region of eglin c distal to the 
site of the globally-destabilizing mutation (V54A) shows an increase in local 
stabilities(slowed exchange), whereas the local measurements of the core are more consistent 
with the global measurements. The results provide a more complete picture of mutational 
perturbation and its consequences on multiple timescales. Interestingly, the superimposition 
of the changes on two measurements shows a co-localization of destabilization and 
rigidification as well as stabilization and an increase in flexibility, a phenomenon in need of 
further investigation.  
Experimental Procedures 
Expression and Purification.  WT* eglin c (* indicating F10W mutation) and variant 
containing further mutation V54A were expressed in Escherichia coli BL21 DE3 cells in 
media containing 99% 1-13C glucose as the sole carbon source as described by Teilum et al. 
(2006).  Aromatic assignments experiments required samples grown in [U-13C]-D-glucose 
(99%) and 15NH4Cl (99%). Samples used for hydrogen exchange were grown in M9 media 
containing 15NH4Cl (99%). Purification was completed as previously described(Clarkson et 
al., 2006; Clarkson & Lee, 2004).  All NMR samples contained 2.0 mM eglin c in our 
standard buffer [20 mM KPO4, 50 mM KCl , 0.02% NaN3 and 10% D2O, pH 7.0]  
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NMR Spectroscopy. NMR data were collected on 500 and 600 MHz Varian INOVA 
spectrometers equipped with triple-resonance probes at 37 oC (temperature calibrated with 
ethylene glycol) with the exception of the HX studies at 25 oC (calibrated with methanol). 
Spectra were processed using NMRPipe(Delaglio et al., 1995) and analyzed with the aid of 
NMRView(Johnson & Blevins, 1994). Aromatic assignments of WT and V54A eglin c 
samples were made on uniformly labeled samples containing 15N and 13C via 
(HB)CB(CGCD)HD and (HB)CB(CGCDCE)HE experiments(Yamazaki et al., 1993). 
13C Relaxation. 13C relaxation data were collected on samples isotopically labeled using 
the method of Teilum et al. (2006) at both spectrometer fields using standard T1, T2, and 
NOE relaxation experiments of Farrow et al. (1994) modified for 13C using an INEPT delay 
consistent with a one-bond 1H-13C J-coupling of 154 Hz.  13C T1 data were collected with 
relaxation delays of 35, 95, 175, 270, 375, 490, 620, 755, and 905 ms at 500 MHz and with 
delays of 30, 85, 150, 230, 320, 420, 525, 645, and 770 at 600 MHz. 13C CPMG based T2 
data were collected with relaxation delays of 4.5, 9, 13.5, 22.5, 36.1, 54.2, 72.2, 94.8, and 
126.4 ms at both fields, with spacing between 180o pulses of 534 µs.  Uncertainties for all 
peak intensities were assessed using duplicate points (underlined delays above).  Peak 
intensities were extracted using NMRView and fitted to single-exponential decays using a 
Levenberg-Marquardt algorithm. {1H}-13C NOE data at both fields were collected with a 1H 
saturation period of 3.0 seconds and uncertainties assessed from root mean squared base-
plane noise. The six 13C relaxation datasets were fitted to the model-free formalism utilizing 
relxn2.2 and the front end interface rvi(Clarkson et al., 2006), with a CH bond length of 
1.101 Å (Bremi et al., 1994) and a CSA value of 170 ppm (Lemaster & Kushlan, 1996; 
Palmer et al., 1993).  The model fits showed a heightened sensitivity to precise NOE values 
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due to the shallow parameter space. The fits were performed with isotropic tumbling times of 
τm= 4.62 ns for WT (Clarkson et al., 2006) and 4.64 ns for V54A(Clarkson & Lee, 2004), in 
accordance with the rotational correlation times determined for the backbone 15N data 
(Clarkson & Lee, 2004) of the respective proteins. To include the sole tryptophan residue, 
previously acquired 15N relaxation data for the indole of W10 was analyzed and fit to the 
model-free formalism using a CSA value of -89 ppm (Stone et al., 1993).  
Model Selection. Model selection using the standard five model-free models (S2; S2 and 
τe; S2 and Rex; S2, τe and Rex; S2s,S2f, and τs) was performed using the model-selection 
subroutine of rvi(Clarkson et al., 2006). Briefly, the subroutine fits each of the model-free 
models to each residue, calculating the Akaike’s Information Criteria (AIC) (D'auvergne & 
Gooley, 2003)of each model. The model with the lowest AIC value was selected. Model 
selection is described in more depth in the Results section.  
Hydrogen Exchange. Uniformly 15N-labeled proteins were passed through spin columns 
containing Sephadex G25 equilibrated with 90% D2O, 20 mM KPO4, 55 mM KCl, 0.02% 
NaN3, and pDcorrected 7.0. Samples were quickly placed in an NMR tube and transferred into 
the spectrometer.  HX data were recorded at 25 oC for consistency with global stability 
measurements.  Initially, a series of 1H-15N SO-FAST HMQC(Schanda & Brutscher, 2005) 
spectra was acquired with a single plane acquisition requiring approximately 20 sec, 
followed by 1H-15N HSQC pseudo 3D spectra acquired with a single plane acquisition 
requiring approximately 6.5 minutes. Timepoints were collected for 48 hrs. Peak intensity 
error was calculated from rms base-plane noise for each plane.  Peak intensities were 
extracted from each plane and fit to a simple 3-parameter mono-exponential.  Given EX2 
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behavior, the exchange rates (kex) and Molday factors(Bai et al., 1993; 1994) were used to 
calculate the local free energies and propagated errors. 
Stopped-Flow Fluorescence Kinetic Studies. To ensure EX2 behavior, folding rates of 
WT and V54A were approximated by triangulating ΔGU, the midpoint of the equilibrium 
folding transition, with the folding and unfolding rates at two concentration of GdnHCl at 
25oC (see below). These rates were monitored on a SPEX Fluorolog-3 Research T-format 
Spectrofluorometer with stopped-flow housing, F-3009 MicroFlow. 10 µM protein solutions 
at native and denaturing conditions were mixed 1:1 to a final sample volume of ~32 µL.  
Fluorescence of the tryptophan probe was excited at 295 nm and emission counts monitored 
at 350 nm with a path length of 2 mm and instrument dead time of 5 ms. The DATAMAX 
software package was used to export intensity vs. time data. Rates were fit using 
Kaleidagraph (Synergy Software) and simple 3-parameter exponential rise and decay 
functions.  To assess EX2 exchange, approximate folding and unfolding rates were estimated 
from a reduced set of kinetic measurements using the procedure described below.  Refolding 
studies were done at final GdnHCl concentrations of 2.25 M and 1.6 M for WT and V54A, 
respectively; the folding rates at these concentrations were determined to be 2.8 s-1 (WT) and 
1.6 s-1 (V54A). Similarly, unfolding studies were performed at final GdnHCl concentrations 
of 4.5 M for WT and 4 M for V54A, giving rates of 0.4 s-1 and 0.8 s-1, respectively.  If one 
considers a chevron plot, the two y-intercepts are the projected rates of folding and unfolding 
in the absence of denaturant, and the intersection of the projected lines is the midpoint of the 
folding transition. Because of eglin c’s apparent two-state folding mechanism(Edgell et al., 
2003; Jackson & Fersht, 1991), it can be reasonably assumed that the kinetic midpoint of 
folding and the kinetic ΔGH2O are similar to those determined through equilibrium studies. 
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We can define the line that travels through the midpoint (x3,y3) and the measured point in 
folding conditions(x1,y1) with the function: 
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Similarly, we can define the line that travels through the midpoint (x3, y3) and the measured 
point in unfolding conditions (x2,y2) with the function: 
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Evaluating at the midpoint (x3,y3), the functions become: 
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Equating the right-hand side of each equation, and rearrangement, gives 
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leaving an expression where all values are known, save y3. After solving for y3, the rates 
(ku and kf) can be back calculated.   
Contingency table and Fisher exact test.  The Fisher exact test uses a hypergeometric 
function to determine the p-values of rare tables, defined as those having individual p-values 
less than the cutoff p-value of the given contingency table(Applegate et al., 2003; Fisher, 
1935).  The sum of the rare p-values provides the p-value which serves as the basis to accept 
or reject the null hypothesis. Using SAS version 9.1.3(SAS Institute, Cary, NC) the p-value 
of the contingency table shown in Table 2 was determined to be p =0.0246. 
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Results 
 To probe the motions of aromatic side chains, 13C relaxation experiments were 
carried out on eglin c expressed with the labeling scheme of Teilum et al. (2006). This 
scheme introduces 13C into the δ carbons of phenylalanine and tyrosine aromatic rings, the δ2 
and ε1 carbons of histidine rings, and the δ1 and ε3 carbons of the tryptophan rings(Teilum et 
al., 2006). The picosecond to nanosecond motions of the aromatic side chains were 
characterized using 13C relaxation measurements at two fields (a total of six measurements), 
followed by fitting to model-free parameters(Lipari & Szabo, 1982a). Specific models 
(standard model-free spectral density functions 1-5) were selected via AIC statistical 
protocols(D'auvergne & Gooley, 2003).  This method enabled the addition of thirteen 
reporters to a previous study of the effect of the V54A mutation on ps-ns dynamics(Clarkson 
& Lee, 2004).  
Aromatic 13C Relaxation. Precise relaxation measurements are important for robust fitting 
of model-free parameters. For WT eglin c, the average 13C T1 values were 0.31 and 0.37 
seconds at 500 and 600 1H-MHz, respectively, with typical standard error in individual T1 
values of 1.2% and 1.1%. The average 13C T2 values were 0.049 and 0.046 seconds at 500 
and 600 1H-MHz with an average error of 1.5% and 1.6%.  The average {1H}-13C NOE 
enhancement values were 1.2 at both fields (the positive sign of carbon’s gyromagnetic ratio 
yields an enhancement greater than one) with equivalent average errors of 1.4%.  Although, 
the high precision of these data result in slightly elevated χ2 values when fitting the model-
free parameters, overall the 13C aromatic relaxation data were robustly fit using the model-
free formalism.  It should be noted that for model-free fitting, high-precision (< 3% error) in 
the 13C NOE is important for robust determination of parameters, particularly when the 
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effective correlation time (τe, τs), is longer than ~500 ps.  This was confirmed with simulated 
data and subsequent fitting to model-free models 2 and 5 (data not shown).  This was found 
to be more of a problem for 13C data than for 15N data, and is therefore due to the different 
Larmor frequencies contributing to relaxation.  This sensitivity requirement is alleviated by 
the inherently greater sensitivity of 13C over 15N.   
An Entire Ring Order Parameter. Unlike previous 13C labeling schemes found in the 
literature(Jacob et al., 2002; Lemaster & Kushlan, 1996), carbons at both delta positions of 
phenylalanine and tyrosine residues are labeled. These positions are in exchange and lead to 
a single peaks in the 1H-13C HSQC spectrum arising from both Cδ-Hδ spin pairs. Thus, the T1, 
T2, and NOE measurements of the phenylalanine and tyrosine residues acquired here are 
assumed to report on the average effect experienced at each site.  It is, however, possible that 
shift degeneracy (in both 1H and 13C) exists for the δ1 and δ2 positions, for which slow 
flipping would not be identified by simple inspection.  This scenario would result either in 1) 
bi-exponential relaxation or 2) similar relaxation behavior that, upon analysis, would afford 
effective averaging of the two sites.  For these reasons, due to ring geometry, the order 
parameters reported here for these residues can be considered a generalized order parameter 
for the entire aromatic ring.  It should also be mentioned that ring flips on a timescale 
commensurate with overall tumbling (or faster) would serve to reduce the order parameter 
and would be indistinguishable from other non-flip ring motions.  For packed aromatic rings, 
we view this as unlikely, though this possibility should not be ignored.  Our interpretation is 
supported by mining of an existing 80 ns molecular dynamics simulation of eglin c(Hu et al., 
2005), which showed that the order parameter of Cδ1-Hδ1 bond vectors correlate with the 
order parameter of corresponding Cδ2-Hδ2 vectors with a R2 value of 0.9942. Also, order 
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parameters of Cδ1-Hδ1 bond vectors correlate with corresponding Cε2-Hε2 vectors (and vice-
versa Cδ2-Hδ2 vs. Cε1-Hε1 ) with a R
2 value of 0.9936. No ring flipping occurred throughout 
the course of the entire simulation, with the exception of Y35 and Y49.These two residues 
are highly solvent exposed and their low order parameters (Figure 16) may indicate 
significant contribution from symmetric ring flipping. 
Aromatic Model-Free Parameters. The fitted aromatic model-free parameters for WT and 
V54A are shown in Figure 16. The 
order parameters are either S2 (model 
2) or S2combined (model 5), where 
S2combined is equal to the product of S2s 
and S2f. Perhaps unsurprisingly, the 
measured order parameters (Figure 
16A) show a greater range (0.35-
0.89) than those displayed by the 
backbone and a smaller range than 
those displayed by methyl 
groups(Clarkson & Lee, 2004).  
Interestingly, the τe/s‘s (Figure 16B) 
reported by the fitting of the tyrosine 
and phenylalanine residues are on the 
order of 500-1500 ps, independent of 
the model selected.  These τe/s values 
are an order of magnitude greater 
Figure 16 Model-free parameters for aromatic side 
chains. (A) Combined order parameters S2combined (S2combined 
= S2 or S2s × S2f) are plotted for each aromatic side chain. 
An S2 order parameter value of 1 corresponds to a 
completely rigid entity while an S2 value of zero implies 
isotropic sampling of all possible orientations. (B) The 
internal correlation time constant ?e/s, in nanoseconds, is 
plotted. Black bars indicate WT values, and gray bars 
indicate V54A values. Error bars indicate standard errors, 
obtained from Monte Carlo simulations. 
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than those reported by 15N backbone studies (~50 ps)(Clarkson & Lee, 2004), again 
supporting the notion that the measured aromatic relaxation parameters report on the ps-ns 
motions of the entire, relatively rigid ring rather than a single bond vector.  One general 
concern is the possible violation of the decoupling approximation of the Lipari-Szabo model-
free formalism, in which the slower motion of tumbling is assumed to be independent of the 
internal motions of the bond vectors. Ideally, the τe/s values would be 10-fold less than the 
global tumbling time, τm (τe/τm < 10). Larger τe/τm values can introduce a bias on the  
determined values for S2.  However, most of the aromatic groups in eglin c are significantly 
buried and thus may not experience the biasing “cage” effects(Vugmeyster et al., 2003). In 
addition, simulations with noise show that 13C relaxation data generated using standard 
model-free spectral densities can be correctly fitted by Lipari-Szabo parameters using τe/τm 
values observed here. Furthermore, if present, any biasing is likely to be similar between 
variants, which will not affect the 
analysis of perturbation upon 
mutation. 
The model-free models selected 
for each residue are shown in Table 
2. For WT, model 2 (S2 and τe) was 
selected for residues Y24, Y29 and 
Y56. However, the majority of the 
remaining tyrosines and 
phenylalanines fit best to model 5 
parameters, S2s, S2f and τs. In the 
Table 2:  Selection of model-free parametersa 
Residue Model (WT) model (V54A) 
W10 (15Nε1-1H) 4 5 
Y24 2 5 
F25 5 5 
H28 (13Cδ2-1H) 4 4 
Y29 2 2 
Y32 5 5 
Y35 5 5 
F36 5 5 
Y49 5 5 
F55 5 5 
Y56 2 2 
H65 (13Cδ2-1H) 4 2 
H68 (13Cδ2-1H) 4 4 
aModel 1:  S2; model 2: S2, τe; model 3: S2; Rex, 
model 4:  S2, τe, Rex; model 5: S2f, S2s, τs 
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V54A variant, the same models were maintained with the exception of Y24, which fit more 
robustly to model 5 in the mutant. Histidine residues H28 and H68 were fitted using model 4 
parameters S2, τe, and Rex in both mutant and wild-type. H65 was fit to models 2 and 4 in the 
mutant and wild-type, respectively. For both WT and mutant, no models lacking a τe (or τs) 
term were selected. As a further internal control, phenylalanine and tyrosine residues that 
were selected as model 2 in both variant and WT were used to verify the chemical shift 
anisotropy used in this analysis by fitting this parameter along with model-free parameters, S2 
and τe. The fitted value for the combined four residues (WT: Y24, Y29, Y56 and V54A: 
Y56) was 169.6 ±8.3 ppm compared to the 170.0 ppm used in this study, showing 
consistency with previously measured values (Lemaster & Kushlan, 1996; Palmer et al., 
1993) and the τm values used here. From these results we conclude that the majority of 
aromatic groups undergo significant 
motions on the intermediate timescale of 
approximately one nanosecond. 
For most residues the model-free 
formalism fit the 13C relaxation data 
well; however, some residues proved 
problematic. Residue F3 could not be 
reliably fit in either WT or V54A, most 
likely due to complex motions of the 
unstructured N-terminus. Regarding 
residue Y29 of the mutant, model 2 was selected but the Monte Carlo simulations used to 
determine error for this residue did not converge and led to nonsensical error values. This 
Figure 17 Reduced chi-square [?2red = ?2/ degrees of 
freedom (where degrees of freedom = number of data 
points − number of fitted parameters – 1)] values from 
model-free fits. ?2red values for individual fits of the 
model-free parameters to 13C relaxation data are plotted 
for the 13 aromatic side chains. ?2red values were 
determined by comparing experimental T1, T2, and 
{1H}−13C NOE data to back-calculated values. Residue 
W10 shows a poor fit in V54A; therefore, we place little 
confidence in the value fit for this residue. 
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residue may be experiencing motions unable to be fit by the model-free formalism.  Also, 
data from bond vectors involving the histidines’ Cε1 and tryptophan Cε3, and Cδ1 displayed 
erratic behavior in both the T1 and T2 experiments. The one-bond coupling constant for these 
residues differs from those of the phenylalanine and tyrosine residues (for which the 
experiments were optimized) and thus are not included in this analysis.  Figure 17 shows 
χ2red values for the selected model-free models fitted to the two-field relaxation data. 
Initially, Y35 in WT, and W10 and Y49 in V54A showed large χ2 values, providing lower 
confidence in the fitted parameter values for these residues. When examined further, the error 
for the parameters and subsequent six relaxation measurements were unusually small. The 
error for these measurements was increased to 1.5% of the measured value resulting in 
minimal changes in the fit parameters and an increase in error, consequently lowering the fit 
chi-square values.  Finally, the histidine Cδ2-Hδ2 S2 and τe values are questionable due to 
uncertainty in the appropriateness of the CSA term applied (170 ppm).  
Comparison of the Aromatic Reporters of V54A and WT.  While the V54A mutation 
results in rigidification of all responding methyl side chains(Clarkson & Lee, 2004), the 
aromatic response is more heterogeneous.  Comparison of the WT and mutant V54A indicate 
Figure 18 Changes in picosecond to nanosecond model-free order parameters. (A) Changes in S2 
(or S2axis) upon V54A mutation. Changes shown in red are those methyl-bearing residues reported as 
significant by Clarkson et al. (2004) Black denotes the site of mutation. Changes highlighted in blue are 
aromatic residues that display significant change. Error bars indicate propagated standard error. 
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that there are significant changes amongst the aromatic reporters (blue in Figure 18).  In 
applying the criteria for significant changes in dynamics defined in previously (Clarkson et 
al., 2006) as twice the standard error, residues Y24, F25, Y32, Y35, Y49, F55, and Y56 show 
significant changes in S2, though the changes in 25, 32, and 56 are small (as seen in Figure 
18) a significant τe change was seen in 56 (Figure 16B). Also, residue W10 (15Nε1) showed 
significant change; however, fits of the mutant result in large χ2 and hence lowered 
confidence in the significance of the change seen in this residue. Histidine residues 28, 65, 
and 68 also showed significant changes, with H28 showing a gain in flexibility, whereas H65 
and H68 show increases in S2 and significant changes in τe/s. 
Hydrogen Exchange Hydrogen exchange (HX) was measured to provide additional 
information on flexibility in eglin c. By the method described in the experimental procedures 
section, the approximated refolding rate is 400 s-1 for WT and is 100 s-1for V54A. Because 
the greatest intrinsic rate of exchange (kintr,V62  =14.4 s-1) is nearly an order of magnitude less 
than our estimated folding rates and a linear dependence of exchange rate on pH was 
observed (data not shown), we conclude these proteins exhibit EX2 behavior under 
experimental conditions (25 oC and pH 7).  The exchange of amide protons with deuterium 
was monitored for both WT and V54A from approximately two minutes after exchange into 
D2O for 48hrs or 24hrs, respectively. In conjunction with Molday factors, the fitted exchange 
rates were used to determine local free-energies (Bai et al., 1993; 1994) (Figure 17A,B). 
Duplicate experiments have shown these local free-energies to be reproducible within error 
(determined as described in Experimental Procedures).  The discrepancy apparent in Figure 
17 between globally measured stabilities (horizontal line) monitored via fluorescence and the 
local stabilities measured via HX (bars) is possibly due to super-protection (Liang et al., 
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2006) generated by the presence of an 
intermediate or residual structure in the 
unfolded state.  Although there appears to 
be some evidence for residual structure in 
the denatured state(Ohnishi et al., 2004), 
and eglin c shows two-state behavior in 
global stability measurements, further 
experiments will be required to provide 
strong evidence for either one of these 
possibilities. 
The site-specific free energies were 
then compared between variant (V54A) 
and reference state (WT). V54A is 
destabilizing by 1.5 kcal·mol-1 according to 
global measurements(Clarkson et al., 
2006).  Residues 16, 21, 35, 54, 56, and 63 
show ΔΔGHX changes that agree well with 
the ΔΔGU determined by fluorescence-
monitored GdnHCl melts (Figure 17C), 
identifying these residues as reporting on 
global unfolding(Neira et al., 1997). These 
same amides are packed into the protein 
core, consistent with a global-unfolding exchange mechanism. By contrast, the local 
Figure 19 HX-determined local free energies 
and changes in local stabilities upon mutation. 
Shown here are the HX-determined local 
stabilities for WT (panel A) and V54A (panel B). 
The horizontal lines denote globally determined 
stability via fluorescence-monitored GdnHCl 
melts. The secondary structure of eglin is 
displayed beneath the lower panel. Differences in 
local stabilities (panel C) are shown as ΔΔGHX 
(V54A − WT). Red bars indicate destabilization 
(increased rate of exchange), and blue bars 
indicate stabilization (slowed exchange). Black 
bars denotes the site of mutation. 
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stabilities of residues 17, 20, 23, 26, 27, 29 and 32 actually increase in the variant, with those 
of 26, 27, and 29 being particularly significant. These residues are exchanging through a 
local mechanism as substantiated by ΔGHX values less than 6 kcal·mol-1 and by guanidine 
independence of exchange (data not shown). The majority of residues (16, 21, 35, 37, 51, 52, 
53, 54, 55, 56, 62 and 63) are significantly destabilized, some of which are listed above as 
exchanging through global unfolding. The resolution enabled by NMR provides site specific 
reporters of conformational flexibility regardless of whether the exchange effects are local or 
global.  These destabilized residues thus reveal increases in conformational flexibilities from 
local to global levels. 
Discussion 
 In this paper, the effects of the V54A mutation on the dynamics of eglin c has been 
expanded to include (i) ps-ns motions of aromatic side chains, as determined from 13C spin 
relaxation, and (ii) slower timescale motions probed by NMR-detected amide H/D exchange.  
The manner in which protein behavior changes in response to various perturbations (e.g., pH, 
ligand binding, mutation) is a central problem for understanding mechanisms of signal 
transmission.  Perhaps the most fundamental type of transmission is the propagation of forces 
through a single protein domain(Baysal & Atilgan, 2001; Clarkson et al., 2006; Cooper & 
Dryden, 1984; Formaneck et al., 2006; Fuentes et al., 2004; Hilser et al., 1998; Ota & Agard, 
2005; Pan et al., 2000; Spudich et al., 2002; Swain & Gierasch, 2006).  The V54A mutant 
may be considered to induce signal transmission, as this modest mutation affects the ps-ns 
timescale motional fluctuations of side chains throughout the protein, as determined from 
methyl dynamics(Clarkson et al., 2006; Clarkson & Lee, 2004).  To obtain a more complete 
picture of the dynamic response, other side-chain types and slower timescales need to be 
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considered, especially since many signal transmission effects occur on slower timescales, 
such as with allosteric conformational changes(Andersen et al., 2001; Kern & Zuiderweg, 
2003; Popovych et al., 2006; Rist et al., 2006; Zhou et al., 2007).  Here, we show that model-
free order parameters are readily obtained for aromatic groups using 13C relaxation, and that 
flexibility changes from hydrogen exchange measurements provide a view of the slower 
changes in dynamics in eglin c.  Taking all data together, there is a striking spatial co-
localization of compensating changes in fast and slow dynamics, suggesting a possible link 
between fast fluctuations and rare opening events. 
Aromatic ps-ns dynamics from 13C relaxation.  Here we find that application of canonical 
relaxation experiments(Farrow et al., 1994) in concert with a new 13C labeling 
scheme(Teilum et al., 2006) yields high-quality information on the ps-ns dynamics of 13 
aromatic groups in eglin c.  These data were evaluated by model selection(Mandel et al., 
1995), followed by model-specific fits to obtain model-free dynamics parameters.  The final 
fits produced order parameters with average error less than 1.5%, highlighting the precision 
of these data; the corresponding χ2 values are quite reasonable given the high precision and 
number of the relaxation experiments (six) analyzed.  Aromatic S2 and τe values show high 
variability, similar to methyl side-chain dynamics(Igumenova et al., 2006).  Overall, aromatic 
S2 values tend to be intermediate between backbone N-H (and Cα-Hα, as well as Cα-C') S2 
values and methyl S2axis values.  Perhaps most interesting, τe values tend to cluster around one 
nanosecond (Figure 16B).  Because this is observed for aromatic τe/s values derived from 
both model 2 and model 5, this appears not to result from model-specific bias.  In addition, 
~1 ns τe/s values were observed for bond vectors with both low and high order parameters.  
Given that rapid ring-flipping alone yields a theoretical S2 value of 0.44, these results suggest 
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that the fast motions captured in the majority of aromatic S2 values are not dominated by 
180° ring flipping, but rather are likely to arise from a variety of smaller torsional bond 
rotations.  If rapid ring-flips are a major contributor to the order parameter values (not 
including Y35 and Y49), this would require the inverses of the ring flip rates to be poised at 
or slightly longer than τm, which seems unlikely (see Results).  To test the possibility that 
aromatic motions, and particularly ring flipping, occurs on the µs-ms timescale, 13C CPMG-
relaxation dispersion experiments were also conducted; the dispersion curves observed were 
essentially flat (data not shown), indicating minimal motion on this timescale.  Also, there is 
no evidence of line broadening in the aromatic spectrum. Therefore it is reasonable to deduce 
that ring flipping is more likely occurring on the slow nanosecond to fast microsecond 
timescale for most aromatic residues in eglin c.  
One simple way to understand order parameter values is to correlate them with packing, 
depth of burial, or solvent accessibility.  For side chains, this has been primarily attempted 
with methyl S2axis parameters, which typically show at best a weak correlation(Igumenova et 
al., 2006). However, improvements have been achieved in some cases using additional 
parameterization(Ming & Bruschweiler, 2004).  Because aromaticgroups are observed both 
in the core and on the surface of eglin c, the correlation of aromatic S2 values with solvent 
accessible surface area (SASA) was examined, as it seemed possible that a stronger 
correlation might exist for aromatics vs. methyl groups.  Utilizing the web-based software, 
GETAREA(Fraczkiewicz & Braun, 1998), we determined SASA for the aromatic side chains 
of WT and V54A (the latter modeled by RosettaDesign(Liu, Y. & Kuhlman, 2006)).  A weak 
correlation is observed for aromatic residues, R2 = 0.39, similar to R2 = 0.44 for methyl side 
chains (data not shown). 
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A new set of “responders” to the V54A perturbation.  The previously published response 
to the V54A mutation showed a contiguous ‘network’ of methyl-bearing residues that 
rigidified in response to mutation(Clarkson & Lee, 2004). With the addition of aromatic 
probes, the scope of the ps-ns response is expanded, which now more completely agrees with 
the thermodynamic observations of Gribenko et al. (2006).  Specifically, the absence of 
significant heat capacity change (or change in entropy) may be explained by the increase in 
aromatic flexibility, which serves to offset the previously reported rigidification of methyl-
containing side chains.  It is possible that additional, yet-to-be-observed changes in side-
chain dynamics (e.g. in hydrophilic side chains) may provide further damping of the methyl 
rigidification.  Nevertheless, there still appears to be a slight overall rigidification of side-
chain motions (Figure 20).   
Figure 20 Picosecond to nanosecond dynamic network of methyl-bearing and aromatic side 
chains. The response of methyl-bearing and aromatic residues is shown on the structure of V54A eglin 
c. The level of response is denoted as a gradient from red (more flexible) to blue (more rigid). Aromatic 
residues are labeled with black letters. Gray sticks indicate residues with no significant response or 
residues with less reliable fits. Black denotes the site of the V54A mutation. 
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The overall dynamic response to V54A includes most of the hydrophobic core as one 
contiguous response network. By contrast, the reactive site loop appears to be unaffected.  
The rigidification now extends to Y32 and outward to the surface residues H65 and H68 
(Figure 20). The cavity formed via mutation and the rigidification of neighboring residues 
seems to allow the gain of flexibility exhibited by F25, which packs into the core, and 
neighboring residues Y24 and H28.  Aromatic residues sequentially adjacent to the mutation 
also display increased flexibility at F55 and Y56 with Y56 showing a significant change in 
τe.  F35 and Y49 show increases in flexibility as well. Thus, the increase in aromatic 
flexibility laterally flanks the rigidification response.  The V54A mutation may result in 
shifting of the balance of dynamic excursions between two complementary side chains. 
Pocket of Stabilization/Rigidification in a Destabilized Mutant.  Amide hydrogen 
exchange (HX) is often used as a measure of flexibility in proteins(Hernandez et al., 2000; 
Polshakov et al., 2006).  Both peripheral and core protein mutations have been shown to 
propagate responses to their counterparts (core to the periphery(Xu et al., 1998) and 
periphery to the core(Spudich et al., 2002)). This approach was taken to supplement the fast 
dynamic response with changes in slower motions.  Under EX2 conditions, exchange rates 
may also be interpreted as local stabilities(Bai et al., 1994; Hilser et al., 1998; Hilser & 
Freire, 1996).  Changes in local stabilities probed here by hydrogen exchange are indeed 
supportive of dynamic signal transmission as reported by motions on a much slower 
timescale.  Primarily, the core mutation V54A results in local destabilization throughout 
much of the protein, in agreement with reduced global stability.  It should be mentioned, 
however, that some of these residues are not exchanging through a global mechanism (see 
Results), hence reflecting slow native-state (or near native-state) fluctuations.  Remarkably, a 
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cluster of residues incur a stabilization in a peripheral region of the protein 10-12 Å away 
from mutation (Figures 19 and 21).  Such significant clustering of slowed exchange, in the 
opposite direction of global destabilization, has to our knowledge only been reported once 
before, in the protein Im7, upon mutating I72 to valine(Gorski et al., 2004). That study 
attributed the increase in local stability (in the context of global destabilization) to a 
destabilization of a folding intermediate upon mutation; this essentially “traps” hydrogen-
bonded groups by making an “open” state less accessible – a sort of rigidification.  
Destabilization of a folding intermediate seems less likely in the present analysis, as eglin c is 
a homologue of CI2, the archetype of two-state folding(Jackson & Fersht, 1991; Neira et al., 
1997). Local stabilization is more likely to arise from 1) a compaction, or reduced number of 
states, in the continuum of lowly populated, locally unfolded states or 2) a decrease in 
frequency of fluctuations within the native state ensemble.  Regardless of the mechanism, 
these residues (T26, L27, and Y29) are experiencing a slowing of exchange distal to the site 
of mutation, thus revealing energetic connectivity between the core residue (V54) and the 
peripheral responders consistent with an overall regional “rigidification”.  
Co-localization of opposing dynamic responses on different timescales.  From the various 
dynamics/flexibility data now available on WT- and V54A-eglin c, we have observed a co-
localization of opposing dynamic effects on different timescales.  In what follows, the terms 
“flexibility” and “rigidification” will be used to describe the ps-ns timescale, and local 
“stabilization” and “destabilization” (referring to local free energies) will be used to describe 
effects monitored by hydrogen exchange (and the slower motions implicit therein).  The 
structural regions experiencing significant changes in fast and slow motions are highlighted 
on the structure of eglin c in Figure 21. 
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Figure 21 Colocalization of significant motional 
changes on different time scales. (A) Residues that 
display a significant increase in rigidity on the 
picosecond to nanosecond time scale are shown as a 
contiguous van der Waals surface in slate. V63, an 
inferred member of the network, is shown in gray. 
Aromatic reporters are labeled in blue letters. 
Individual magenta surfaces represent amide nitrogens 
and carbonyl oxygens that participate in hydrogen 
bonds in regions where significant decreases (ΔΔGHX 
< −0.5 kcal·mol−1) in local stability are observed. The 
corresponding nitrogens are labeled in magenta letters 
as well. Dotted arrows indicate that the labeled entity 
is located in the back of the structure as arranged. (B) 
Residues that display significant increase in flexibility 
on the picosecond to nanosecond time scale are shown 
as two regions of contiguous van der Waals surfaces 
in red. Aromatic reporters are labeled in red letters. 
Individual blue surfaces represent amide nitrogens and 
carbonyl oxygens that participate in hydrogen bonds 
in regions where significant increases (ΔΔGHX > 0.5 
kcal·mol−1) in local stability are observed. The 
corresponding nitrogens are labeled in black letters. 
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Of particular note is that, in response to mutation, the regions of decreased stability and 
side-chain flexibility map to the same locale (Figure 21A).  Moreover, the converse is largely 
true:  the region that becomes (curiously) significantly stabilized coincides with an increase 
in side-chain flexibility (Figure 21B).   
Table 3: Contingency table showing co-localization of ps-ns flexibility and local stabilityc 
 More Flexible More Rigid No Change Total 
Stabilizeda 3 (1.09) 0  (2.00) 1 (0.91) 4 
Destabilizedb 3 (4.91) 11 (9.00) 4 (4.09) 18 
Total 6 11 5 22 
aConsidered a significant stabilization if ΔΔGHX is greater than 0.5 kcal·mol-1 
bConsidered a significant destabilization if ΔΔGHX is less than -0.5 kcal·mol-1 
 cNumbers in the table are observed occurrences.  Numbers in parentheses are expected occurrences 
calculated assuming independence between phenomena. In instances where the expected values are 
small a Fisher Exact test is more robust in determining a p value(Applegate et al., 2003; Fisher, 1935). 
The Fisher exact test gives a p-value of 0.0246 and a rejection of the null hypothesis, finding that theses 
occurrences are indeed correlated.  
 
To more rigorously test the idea that opposing dynamic effects on different timescales co-
localize, we constructed a two-way contingency table (Table 3) and used a Fisher exact test 
(Applegate et al., 2003; Fisher, 1935)to test for correlation.  The null hypothesis is that these 
multi-timescale dynamic events are strictly independent, the alternative hypothesis being that 
the events are in some way related.  The contingency table categorizes residues according to 
changes in stability (rows) and flexibility (columns).  For amides that showed significant 
stabilization (or destabilization), any residues with heavy atoms within 3Å (approximate N-
to-O distance in a hydrogen bond) of either the amide nitrogen or corresponding oxygen 
(hydrogen bond acceptor) were categorized according to their side-chain flexibility response: 
more flexible, more rigid, or no change. There are two regions of destabilization and one 
region of stabilization upon the V54A mutation (Figure 21).  In essence, each entry in the 
contingency table reflects the flexibility of a side chain that is in or adjacent to a given region 
of stability change.   Only “reporting” residues for which order parameters were available for 
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both wild-type and mutant were considered.  For example, of the residues that gained 
stability upon mutation, 3 nearby side chains became more flexible and 1 nearby side chain 
showed no change. The resultant contingency table is shown in Table 3, with the observed 
number of residues for each category.  The values in parentheses were determined assuming 
the null hypothesis (that changes in stability and flexibility are independent) is true.  Because 
the number of entries in the table are small, a Fisher exact test (see Experimental Procedures) 
was used to calculate the p-value, determined to be 0.0246.   Thus the null hypothesis is 
rejected in favor of the alternative hypothesis that stabilization (destabilization) co-localizes 
with increases (decreases) in flexibility, in response to V54A mutation in eglin c.   
Recently, it has been shown in the protein calmodulin, that changes in order parameters 
have a linear relationship with conformational entropy upon binding(Frederick et al., 2007).  
The co-localization of opposing changes in local stability (slow dynamics) and changes in 
order parameters (fast dynamics) seen here suggests the possibility of a similar 
conformational entropy term contributing to local free energies measured by native hydrogen 
exchange.  This assumes a negligible change in local enthalpic contributions (minimal 
structural perturbation) for this mutant, which is the case for the V54A mutant(Clarkson & 
Lee, 2004).  Viewed somewhat differently, the co-localization can be seen as evidence for 
linkage between fast and slow motions.  Whether this is entropy-driven or arises through 
other mechanisms is not presently clear.  Future experiments should bear out whether the co-
localization observed here is generally true for eglin c or unique to the V54A mutation.  
Interestingly, an anti-correlated relationship between global stability and local rigidity was 
previously observed in pH studies of eglin c(Hu et al., 2003).   
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Conclusion 
The fast (ps-ns) dynamic response of eglin c to the centrally located V54A mutation has 
been expanded to include aromatic S2 and τe/s values obtained from 13C relaxation, which was 
made highly convenient based on the 13C labeling scheme of Teilum et al.(2006).  The fast 
dynamic response appears to fill out the majority of the globular region of the protein, but not 
the reactive site loop, consistent with long-range perturbation based on the conservative, 
local perturbation.  To address slower events, amide hydrogen exchange was used to 
determine local residue stabilities.  Surprisingly, even though the V54A mutant is globally 
destabilized by 1.5 kcal·mol-1, a pocket of residues showed increases in stability of up to 2 
kcal·mol-1.  This pocket co-localizes with a region of increased aromatic flexibility.  The 
general observation of co-localization of opposite dynamic effects on fast and slow 
timescales points to a possible relationship between fast dynamic fluctuations and relatively 
rare structural perturbations that lead to hydrogen exchange. This analysis was made possible 
only after use of additional probes of motion on different timescales. 
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APPENDIX to CHAPTER II 
Further Investigation of the Co-Localization Phenomenon in the Locally Stabilized Mutant, 
V34L, in eglin C 
 
Chapter II reported a co-
localization of opposing trends in 
flexibility and stability on greatly 
different timescales. In order to 
determine whether this co-localization 
is a general feature of eglin c (and 
possibly other proteins), we measured 
the sidechain dynamics of methyl-
bearing residues in the mutant, V34L.  As shown in chapter I, the V34L mutation 
demonstrates an unusual response in that nearly all the local exchanging residues increase in 
stability upon the Val–to–Leu mutation (figure 22), despite the mild global destabilization of 
-0.17 kcal/mol. The V34L mutation is also notable because the V34A mutation demonstrated 
the largest continuous dynamic network (extending ~16 Å) while generating rotamer 
population shifts, 11Å from the site of mutation(Clarkson et al., 2006). V34L is also the first 
small-to-large mutation performed in the dynamic-perturbation assay on eglin c.
If we assume that co-localization is a general feature exhibited by eglin c, then given the 
hydrogen exchange behavior for V34L shown above, one would predict a general increase in 
flexibility on the ps-ns timescale. As before(Clarkson & Lee, 2004), 15N relaxation was used 
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Figure 22 V34L HX response. All local exchanging 
residues show and increase in local stability while global 
exchangers show destabilization similar/equivalent to the 
measured ΔΔGU of 0.17 kcal/mol.  
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to determine the tumbling time, τm of 3.69 ns at 1mM protein concentration and model-free 
order parameters (Lipari & Szabo, 1982) were fit to the Dy and Dz  2H relaxation 
rates(Muhandiram et al., 1995). The dynamic response can be seen in figure 23 alongside 
V34A’s dynamic response.  
Results. As hypothesized, nearly all methyl reporters show a significant increase in 
flexibility relative to WT. This represents co-localization in 2 of 2 mutants tested so far.  
Although there are similarities in the identities of the responding residues, the V34L dynamic 
response is starkly different 
in sign and average change 
in order parameter when 
compared to V34A.  
Surprisingly, both mutations 
show significant dynamic 
response at the N-terminus 
of the α-helix: the V34A 
mutant perturbs V18, while 
the V34L mutant strongly 
perturbing T17 15Å away. 
The increased number of 
responders (compared to V34A) in the V34L mutation may be due to the modulation of the 
V34/F25 interface upon mutation. Chemical shift and RDC analysis of V34L in chapter I 
showed slight structural changes at F25, conceivably to accommodate the larger leucine 
moiety.  In the VA mutation this interaction may be reduced or severed, while a VL 
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Figure 23 V34A response versus V34L response on the ps-ns 
timescale. The responses to mutation for the two variants are 
shown as mutant – WT. V34A response measured previously 
(Clarkson et al. 2006). V34L response determined here 
determined from data at one field (1H-500MHz).  
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mutation may pack differently against F25 resulting in exciting a greater response. F25L 
studies have been attempted but the protein was found to be unstable and aggregation-prone, 
suggesting the importance of packing interactions that F25 supplies to protein stability. Also, 
the response at V52 changes from a ΔS2axis and rotamer population shift in the V34A 
mutation to a change in internal correlation time (Δτe) in the V34L mutation. The scope of 
the responses, as well as the alterations at V52 and conceivably F25 highlight the 
idiosyncracies of particular substitutions. These idiosyncracies are most striking when the 
dynamic response is mapped onto the structure (figure 24).   
V34 
L27 
F25 
R53 
V43 
L45 
L37 
T17 
V62 
V52 
V63 
V54 
V18 
V13 
L27 
F25 
R53 
V43 
L37 
T17 
V18 
V63 
V34 
V52 
V54 
V34A V34L 
ΔS2axis 
More 
Flexible 
More 
Rigid 
Figure 24 The opposing responses of V34 mutations. The site of mutation V34 is shown in 
black. Red regions denote an increase in flexibility while blue surfaces describe increases in 
rigidity. Gray surfaces denote implied residues of the dynamic response network in these 
mutations.  
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In figure 25, V34L’s HX and 
ps-ns response co-localization is 
shown. This investigation 
supports the work found in 
chapter II. The ability to 
qualitatively predict a side 
chain’s dynamic response 
strengthens the argument for co-
localization and in doing so 
reinforces the hypothesis that 
dynamic coupling and energetic 
couplings are linked in some 
way. 
Future Experiments. If side-
chain entropy is indeed 
responsible for the observed 
stabilization to hydrogen 
exchange, it may be revealing to carry out DSC studies of V34A and V34L to characterize 
the change in entropy upon unfolding.  
Figure 25 Further support for co-localization, as 
described in chapter II. V34L’s response to mutation 
reinforces the generality of opposing dynamic phenomena 
from vastly differing timescales in eglin c. (The color 
scheme for this figure is the same as figure 21 panel B) 
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CHAPTER III
Dynamic-Perturbation Response Assay and Preliminary Findings in the Response Regulator, 
CheY
Introduction
Two-component cell signaling pathways utilize response regulator proteins that use 
intramolecular information transfer to modulatie intermolecular communication(Volz, 1993).
The phosphorylation of response regulators is a common motif that employs conformation 
change to confer higher affinity for downstream targets(Smith et al., 2004). Specifically, E. 
coli employ the two-component mechanism 
in chemotaxis (Stock et al., 1985). The 
receptor-coupled kinase, Chemotaxis protein 
A (CheA) phosphorylates the response 
regulator, CheY. Phosphorylation results in 
activating CheY and increasing its affinity for 
its target, the flagellar motor protein, FliM. 
The binding of CheY to FliM alters flagellar 
rotation to a clock-wise rotary motion,
propelling the organism through its 
environment.  Levels of activated CheY are 
transient due to its interaction with the phosophatase, CheZ, as well as CheY’s ability to 
Mg++ 1
4 - 4 loop
4
5
4
2
15
2
Y106
T87
D13
D12
K109
D57
3
3
Chemotactic protein Y (CheY) in 
inactive (3CHY) (gray) and active (1FQW) 
(mauve) conformations. Key components of the 
Y-T coupling mechanism and magnesium 
coordination are shown in blue text. Black text  
denotes structural features. Red sticks represent 
inactive forms of the Y106 and T87. Black sticks 
residues coordinate magnesium (gold).
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auto-dephosphorylate(Silversmith & Bourret, 1999; Simon et al., 1989). Fortunately, 
beryllium trifluoride (BeF3) can serve as a phospho-mimic(Yan et al., 1999) for the structural 
and dynamic studies of activated CheY performed here.   
Crystallographic studies have characterized the inactive(Volz & Matsumura, 1991) and 
active conformations(Lee et al., 2001a; Lee et al., 2001b) highlighting the switch-mechanism 
responsible for CheY’s increased interaction with its target. Phosphorylation of the highly-
conserved residue, Asp57(Sanders et al., 1989), results in a conformational change where 
Thr87 rotates and hydrogen bonds to the phosphate moiety, allowing Tyr106 to move from a 
partially exposed to a buried position, and thus clearing the FliM interface(Lee et al., 2001b). 
The conformational change was coined the “Y-T coupling activation mechanism” because 
Tyr106 and Thr87 were hypothesized to move in a concerted manner(Cho et al., 2000).  
Molecular dynamic (MD) studies have postulated the possible importance of the dynamic β4-
α4(Formaneck et al., 2006) loop while investigating the true nature of Y-T concerted 
INACTIVE ACTIVE 
Figure 27 Tyrosine 106 and FliM Binding Upon phosphorylation tyrosine 106 moves from a solvent 
exposed state to a buried state clearing the FliM binding interface and increasing affinity by 
approximately 30 fold. Here Y106 is shown in red. The blue arrow represents FliM and how this 
conformational change could alter binding affinity.  
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motion(Formaneck et al., 2006). In addition, crystal structures of unphosphorylated CheY 
bound to model targets have led to questioning of simple conversion between active and 
inactive states (Dyer & Dahlquist, 2006).   Together, these recent studies have underscored 
the lack of direct experimental characterization of the dynamic transition. To elucidate the 
role dynamics play in the conversion between these states, as well as define the nuances 
existing between the allosteric, CheY and the non-allosteric, eglin c, we apply our dynamic-
perturbation response assay comparing the inactive magnesium-bound state and the 
berylliated activated-mimic (also with magnesium bound). Employing the techniques of 3-
bond J-coupling, we have also sought to characterize the rotameric populations of key 
components in the ‘Y-T’ activation mechanism.  In these preliminary findings, the dynamic-
perturbation response assay is a successful reporter of allosteric communication, as it 
highlights a dynamic pathway surrounding the ‘Y-T’ coupling mechanism.  This finding 
validates previous use of the assay in non-allosteric systems, such as eglin c.  As work on 
CheY was not originally envisioned for this dissertation, what is presented here is a work-in-
progress and will be continued by others in the Lee lab.  
Methods 
CheY Expression and Purification. The CheY gene (provided by the Bourret Lab) was 
cloned into the pet28a (Novagen) plasmid for expression. E. coli BL21(DE3) was induced by 
1 mM (final) IPTG and allowed to proceed for 20 hrs at 20 °C in a refrigerated shaker. The 
cells were pelleted and resuspended in 25 mM TrisHCl, 5mM MgCl2, pH 8. Cells were 
cracked with 5 rounds of freeze-thawing and DNA fragmented by sonicating. Cell debris was 
centrifuged and DNA precipitated by 0.05% (w/v final) PEI. DNA/PEI was pelleted by 
centrifugation and the protein solution dialyzed overnight against 25 mM TrisHCl, 5mM 
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MgCl2, pH 8. CheY was purified over a Q-Sepharose FF anion exchange column eluted early 
by a linear gradient of 1 M NaCl, 25 mM Tris · HCl, pH 8. CheY was then passed over a 
G50-Sephadex size-exclusion column equilibrated in 55.5 mM KPO4, 11 mM MgCl2, 
0.022% NaN3, pH 7. Pure CheY was concentrated, and stored at 4 °C.  
NMR Methyl Assignments. Assignment experiments were carried out at 1H 500MHz 
Varian INOVA spectrometer equipped with a triple-resonance probe using a uniformly 13C, 
15N-labeled 1 mM CheY sample in 50 mM KPO4, 10 mM MgCl2, 0.02% NaN3, pH 7, 10% 
D2O. Using published assignments for Cα and Cβ (Moy et al., 1994) and the (H)CCH3-
TOCSY experiment methyl 1H and 13C Chemical shifts were confirmed. Stereo-specific 
methyl assignments were determined using a constant time 13C HSQC on a 10% fractionally 
labeled 13C CheY sample(Neri et al., 1989). Methyls A88 and A90 were assigned utilizing 
the assignments in the berylliated state and previous work on CheY(Moy et al., 1994). 
CheY 2H Relaxation Experiments.  Methyl side-chain dynamics were assessed using a 1 
mM CheY sample uniformly labeled with 15N, 13C and randomly labeled with 60% 2H2O.  2H 
spin relaxation data were collected at both 500 and 700 MHz.  IzCzDz and IzCzDy 
(Muhandiram et al., 1995)experiments with in-line IzCz subtraction were used. The IzCzDz 
delay times were 4.2, 11.0, 19.6, 30.0, 41.8, 54.8, 68.9, 84.1, and 100.4 ms. IzCzDy delay 
times were 0.7, 2.1, 3.8, 5.9, 8.3, 10.9, 13.7, 16.8, and 20.0 ms. Uniform 
uncertainties in peak intensities were determined using duplicate measurements (underlined 
above). Relaxation data were fit to the standard model-free formalism as before(Clarkson et 
al., 2006), using the τm derived from the berylliated CheY 15N relaxation analysis (see 
acknowledgements). The S2axis values were attained by dividing the fit S2 values by a factor of 
0.111, thus correcting for methyl rotation. 
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CheY 3JNC & 3JCC Measurements of Methyl and Aromatic Reporters.  The χ1 rotamer 
populations of γ-methyl bearing residues Ile, Val, and Thr (Hennig et al., 1999; Schnell et al., 
2004) were determined using the three-bond scalar coupling experiments(Grzesiek et al., 
1993; Vuister et al., 1993).  Similarly, the χ1 rotamer populations of Tyr and Phe residues 
were determined using pulse sequences tailored to determine the 3JNCγ and 3JCCγ for aromatic 
residues(Hu & Bax, 1997). Both suites of experiments were conducted using a uniformly 13C, 
15N-labeled 1 mM CheY sample in 50 mM KPO4, 10 mM MgCl2, 0.02% NaN3, pH 7, 10% 
D2O at 25oC at 1H 500 MHz.  For Tyr residues, theoretical 3JNC values range from 2.23 to 
0.40, with trans to gauche conformations, respectively. Additionally, theoretical 3JCC values 
range from 3.87 to 0.56 with trans to gauche conformations(Schmidt, 2007), respectively. 
For Phe residues, the theoretical 3JNC values range from 3.97 to 0.66, with trans to gauche 
conformations, respectively and likewise theoretical 3JCC values range from 3.88 to 0.57 with 
trans to gauche conformations(Schmidt, 2007), respectively.  Populations were determined 
using these theoretical values and the following adapted equations (Vuister et al., 1993): 
! 
P60 =
3
JCC ,exp"
3
JCC ,gauche
3
JCC ,trans"
3
JCC ,gauche
            
! 
P180 =
3
JNC ,exp"
3
JNC ,gauche
3
JNC ,trans"
3
JNC ,gauche
              
! 
P"60 =1" P180 " P60  . 
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Figure 28 “Aliphatic Soup”- CheY and its many Methyl Reporters. The S2axis and τe Model Free order 
parameters for inactive CheY measured via 2H relaxation. Individual order parameters are displayed on 
the unphosphorylated CheY structure (3CHY) as a gradient from red (S2axis.=0) to blue (S2axis =1)(Gray 
not characterized). The key components of the ‘Y-T’ coupling mechanism are shown in green (labeled). 
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Results and Discussion 
The order parameters determined for methyl-bearing residues in presence of 10 mM Mg2+ 
can be seen in figure 28 along with the distribution of the order parameter S2axis mapped on 
the inactive structure (3CHY). Fifty-four of a possible eighty-nine methyls were dynamically 
characterized.  The alanine residues of the β4-α4 loop (A88, A90) are well resolved despite 
the absence of the 1H-15N HSQC resonances due to exchange broadening.  S2 methyl 
parameters are corrected to report on the carbon-carbon symmetry axis, thus the S2axis’s of 
alanine residues relate information about the Cα-Cβ bond vector, which is effectively similar 
to a backbone order parameter determined at the HN-N vector. The relatively rigid S2axis 
values for A88 and A90, (0.82 and 0.67, respectively) suggest that the proposed β4-α4 loop 
gating mechanism (Formaneck et al., 2006) occurs slower than the ps-ns timescale to which 
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Figure 29 Change in Order Parameters upon Activation. The change in order parameters upon 
binding of the phosphate mimic, BeF3. .Significant changes are shown in red bars.  
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these measurements are sensitive. This scenario is also in agreement with the line broadening 
of the 1H-15N HSQC resonances, indicating the presence of µs-ms motions.  
Comparison of ps-ns Motions between Inactive and Active CheY. Figure 29 shows the change 
in methyl side-chain dynamics upon binding of the phosphate mimic BeF3–.  Assuming the 
berylliated state and phosphorylated state are dynamically identical on the ps-ns timescale, 
phosphorylation yields a significant rigidification of T87 by approximately 0.4 (ΔS2axis). This 
rigidification is consistent with T87 hydrogen bonding to the phosphate moiety in the 
activated state.  Residue A88 slightly rigidifies in the activated state, supporting the role of 
the β4-α4 loop in this switching mechanism. Residues that show significant change upon 
phophorylation are shown mapped to CheY’s structure in figure 30. As with several eglin c 
mutants, this perturbation is continuous (Clarkson et al., 2006; Clarkson & Lee, 2004) about 
the ‘Y-T’ coupling residues with the addition of a single residue, K109. The addition of this 
residue is not unfounded, as it is highly conserved and is shown to hydrogen bond to the 
phosphate moiety of the activated state, stabilizing α4. 
However, unlike eglin c it appears as though CheY is distinctly organized in its response. 
Starting at T87, the largest responder, and the phosphate moiety, it appears as though the 
response of residues adjacent to the Y-T mechanism, M17, A88 and I95’s Cδ1 (or the first 
shell) all become more rigid. M17 packs against K109 while I95 is adjacent to Y106. 
Previously a conservative IV mutation at position 95 resulted in increased affinity and 
activation of CheY (Schuster et al., 2000) and M17 mutations were shown to discontinue 
chemotactic activity (Smith et al., 2004). 
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Figure 30 CheY’s Continuous Response to Activation. The changes in S2axis in response to 
phosphorylation are mapped onto the active structure of CheY as a gradient from red (increased 
flexibility) to blue (increased rigidity). Changes in τe were standardized and distributed about zero. 
Residues that participate in the ‘Y-T’ coupling mechanism are shown in deep blue and are labeled in 
white.  T87 is labeled in bold white font to denote its participation in the coupling mechanism and its 
ability to be measured. The inset displays the interaction between L24 and A113 as well as modeled 
(Pymol) mutations that have shown response in regard to chemotactic behavior and/or swimming 
behavior.  The green arrow represents the gain in autophosphorylation rate and the equilibrium shift 
to the active conformation in the unphosphorylated form in A113P. The green plus denotes that the 
A113L mutation is still chemotactically viable. Finally, the A113N mutation was shown to be non-
viable and showed a CCW rotation.  This site has the ability to modulate activity from a distance of 
nearly 18.5 Å from the phosphorus atom in the activated state (measured Cβ to Be in 1FQW) while 
directly contacting the residue with the largest dynamic response not in direct contact with the ‘Y-T’ 
coupling cluster and displaying a dynamic response itself. 
Y106 
K109 
Mg++ 
T87 
A88 
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Based on these changes, members of the Y-T coupling mechanism appears to be more 
rigid as a result of phosphoryl transfer and the concomitant reorganization resulting from the 
hydrogen bonding of T87 and K109. Also, D57 is no longer available to coordinate the 
magnesium and further organization may be required for D59’s carbonyl to join D12 and 
D13 in magnesium coordination.  Yet, this entropic cost may be balanced by the “aliphatic 
soup” surrounding this cluster and the increase in flexibility in the next shell of side chains. 
The final shell involves residues that have small changes in S2 and significant changes in 
internal correlation times (τe). Here, the response does not require as great a dynamic 
compensation. The one exception is L24, which shows the largest gain in flexibility. L24’s 
side chain is in direct contact with a side chain that displays a significant τe change in A113. 
As shown in figure 30, residues 113 and 24 span the distance between α5 and α1, sharing 
only sidechain interaction.  But more interestingly, the A113P mutation at this site has been 
shown to alter CheY’s autophosphorylation rate and is believed to shift the equilibrium 
between active and inactive conformations in unphosphorylated CheY(Smith et al., 2004). 
All tested hydrophobic mutations maintained the chemotactic phenotype However, A113N 
displays counter-clockwise rotation (same as unphosphorylated CheY) and loss of 
chemotactic phenotype(Smith et al., 2004). It is interesting that a polar substitution should 
result in an inactive response regulator. In concert with the dynamics data shown here, these 
results are heavily suggestive of the importance of the A113P/L24 interaction. In L24, this 
assay has determined an important residue, previously not reported by the extensive 
bioinformatics surveying the response regulator super family. 
 
 
 105 
χ1 Rotamer Populations of γ-Methyl and Aromatic residues. 
 The rotamer  populations of key 
residues of the allosteric mechanism 
have been determined and are shown 
in tables 4 and 5 (Highlighted in 
green). These measurements indicate 
that T87, and Y106, as well as V107 
are sampling multiple rotameric 
conformations in the inactive state— 
supporting a MWC or equilibrium- 
shift model of allostery(Whitley & 
Lee, 2009) for CheY. 
Future work  
 The work presented here on CheY 
shows promising results that, with 
further mutational studies, may add 
to our understanding of long-range 
communication and what nuances 
define an allosteric protein from a 
non-allosteric one. The dynamic-
perturbation response assay should lead to some interesting outcomes with additional 
application of the ps-ns aromatic experiments and mutational studies directed toward the 
A113 site. The variety of responses that occurs with substitution at this site offers many 
Table 5 Aromatic χ1 angles determined by 3Jaro couplings 
Resid Raw 
JNC 
Raw  
JCC 
P(180) P(-60) P(60) 
F8 0 3.73 0.25 0.95 -0.20 
F30 0 3.68 0.26 0.94 -0.20 
Y51 0.62 3.54 0 0.89 0.11 
F53 1.36 0 0.96 -0.17 0.21 
Y106 1.08 1.46 0.35 0.27 0.37 
F111* 0.91 0.96 0.81 0.12 0.08 
F124 1.03 3.70 0 0.92 0.08 
*3Jaro determined major population differs from crystal 
structure of inactive state (3CHY). Due to the lack of sensitivity 
of these experiments the error is estimated to be quite large (~ 
0.2 - 0.3). Collection of this data using a cryoprobe will be 
necessary for more accurately measuring these populations. 
Table 4 Methyl χ1 angles determined by 3J couplings 
Methyl P(-60) Error P(60) Error P(180) Error 
10 Cγ1 0.18 0.09 0 0.08 0.82 0.05 
16 Cγ2 0.74 0.05 0.26 0.06 0 0.08 
20 Cγ2 0.87 0.04 0.14 0.07 0 0.08 
21 Cγ1 0.25 0.14 0 0.15 0.75 0.05 
21 Cγ2 0 0.08 0.24 0.08 0.77 0.03 
71 Cγ2 0.75 0.07 0.25 0.16 0 0.18 
72 Cγ2 0.87 0.04 0.13 0.09 0 0.10 
83 Cγ1 0.10 0.12 0 0.14 0.90 0.07 
83 Cγ2 0 0.11 0.26 0.10 0.75 0.05 
86 Cγ2 0 0.11 0.35 0.10 0.65 0.05 
87 Cγ2 0.61 0.12 0.37 0.12 0.02 0.17 
95 Cγ2 0.82 0.03 0.18 0.05 0 0.06 
96 Cγ2 0.83 0.03 0.17 0.04 0 0.05 
107 Cγ1 0.31 0.06 0.26 0.10 0.44 0.08 
108 Cγ2 0 0.10 0.42 0.10 0.59 0.03 
112 Cγ2 0.52 0.20 0.49 0.05 0 0.21 
123 Cγ2 0.95 0.06 0.05 0.16 0 0.17 
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avenues for exploration. The dynamic responses to the A113P and A113N mutations may 
provide insights into the architecture of an allosteric protein, potentially highlighting an 
entropic mechanism given the limited global structural change and the interface between 
these two dynamic entities A113 and L24. Additionally, the continuous dynamic response, 
the size of the response regulator family, and the successful results previously attained from 
bioinformatics techiniques suggest CheY is an ideal candidate for statistical coupling 
analysis(Lockless & Ranganathan, 1999; Suel et al., 2003). 
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